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ABSTRACT 


Goodyear Aerospace Corporation has conducted a research and development 
program in the areas of flexible thermal coatings, flexible solar sail materials, 
and theoretical and experimental rf evaluation of spiral elements and arrays. 

A flexible thermal coating containing zinc oxide, silicone binder, Tinuvin 
"P’\ and toluene was rotoflex tested successfully up to 2000 cycles (see frontis¬ 
piece) at test temperatures of -25, 23, and 100°C. An equivalent 1500 sun-hour 
ultraviolet exposure under high vacuum conditions resulted in an increase in 
solar absorptance and infrared emittance of less than 0.1. Sufficient information 
has been obtained from this development work to establish feasibility of the flexible 
thermal balance coating approach; however, additional characterization work must 
be done for any specific application. 

A lightweight, packageable solar sail material possessing optical character¬ 
istics of low reflectivity and low infrared emissivity on one side (solar absorber 
side) and high reflectivity and high emissivity on the opposite side (solar reflector 
side) was fabricated and then tested under simulated space conditions. On top of a 
1/4-mil Mylar substrate, alternate layers of aluminum and SiO (Haas "dark mirror" 
concept) were utilized to formulate the "solar absorber siue" of the sail, resulting 
in the following optical characteristics: 

Reflectivity = 0.28 

Solar absorptance = 0.72 

Infrared emittance = 0.05 
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A thick layer of SiO over an aluminized Mylar surface results in approxi¬ 
mately the following optical characteristics for the "solar reflector side:" 

Reflectivity = 0.8 

Solar absorptance =0.2 

Infrared emittance = 0.7 

Care must be taken to limit the thickness of the SiO coating to retain material 
flexibility. 

Single-spiral elements were tested in an anechoic chamber for monostatic 
and bistatic angles at a frequency of 5030 me for conditions of right-hand circular 
polarization (see frontispiece). Spiral elements with open circuit and direct short 
circuit between spiral terminals were investigated in addition to several lengths of 
stub short circuits in the form of a "U" attached to the terminals and perpendicular 
to the plane of the spiral. The effect of a reflecting surface (cup or plane surface) 
on the spiral back-scattering was also determined. Models with lengths of stub 
short ranging from 1/16A to 3/16 A (0. 15 inch to 0.44 inch) were tested to ob¬ 
tain the absolute maximum and minimum spiral radar cross section and in turn to 
determine the load dependent and load independent characteristics. Test results 
indicated that the load dependent scattering of the spiral antenna is far more signi¬ 
ficant than the load independent scattering. 

Monostatic and bistatic scattering measurements were made on three-foot- 
square models of arrayed spiral antennas for array spacings of 0.75 A , 1.0 A, and 
1.25 A and both cup-type and plane-type reflecting surfaces (see frontispiece). 
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The primary goal of the program was to use the experimental data to empirically 
determine mutual coupling effects between antennas and to compare the predicted 
far field pattern of the array to the measured array patterns, using the single¬ 
element pattern data. 


An effort was made to adapt the single-port antenna scattering analysis to 
arrayed antennas. This included a method for computing the five unknown antenna 
parameters (A, B, y , R a , and X a ) of the following antenna equation. 


a 


AeJ y + B 



2 


measured radar cross section 


where 

Z a = R a + jX a = antenna impedance, 

Z e = R e + jX e = termination impedance, 

under the assumption that the load impedance of the antenna was known. This ef¬ 
fort was partially successful in that a Fortran computer program, which was not 
previously available, was developed using the fundamental equations of this tech¬ 
nique to calculate these parameters. Due to problems of multiple roots, mechani¬ 
cal tolerances, uncertainties in the theoretical loads, or possibly measurement un¬ 
certainties, this program has not produced a useful set of antenna parameters from 
the measured antenna data. Correct results for hypothetical cases have been pro¬ 
duced, and it should now be possible to refine either the computer program or the 
measurements to produce correct results for single elements. Additional funda¬ 
mental work must be done in this field before a scattering approach can be applied to 
arrays. 
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EVALUATION 


Initially the contractor was concerned with a program in support of the 
launch of a pseudo passive solar sailing satellite. Problems concerned 
with the requirement of temperature stabilization of an active reflecting 
array in space through appropriate thermal coatings were investigated. 

The report presents the development of various thermal coating ma erials 
and test procedures used to evaluate each material under a simulated space 
environment. There were three (3) coatings developed that indicated 
acceptable performance for space application. The satellite was to have 
the capability of utilizing solar radiation for the purpose of orbital 
positioning. The report covers the development of a solar sail material 
that is flexible, lightweight, and has the required values of reflectivity, 
solar absorpta.nce and infrared emittance. The material testing indicated 
that the dark mirror coating is well suited for the required application 
but further optimization will be required to achieve the coating for the 
high emittance surface. 

The contractor was then directed to change program goals as the 
satellite requirements were eliminated. The primary goal of the new 
effort was to use experimental data to empirically determine mutual 
coupling effects between antennas and to compare the predicted far field 
pattern of the array to the measured array patterns, using single element 
pattern data. The first step was to determine the coefficients for the 
load dependent and load independent terms in the cross section equation for 
single elements. Thes^ coefficients were determined using the premise 
that the absolute maximum and minimum values of scattering cross section 
had been determined. This may have been true but could only be verified 
through ma°} additional scattering measurements. Assuming that the load 
independence and dependence had been determined, an. attempt was made to 
determine the value of the single element impedance. The equation for 
scattering cross section contains the antenna impedance and it was this 
equation that was programmed into PuRTRAR TV computer language. The 
value of antenna impedance derived differed from its known value but it 
should be possible to refine either the computer program or the measure¬ 
ment procedure to correct the results. The use of the radar cross section 
measurements to determine the antenna impedance should be useful when the 
antenna terminals are not easily accessible or when known impedance 
measurement techniques cannot be used. The computer program developed 
can then be used to determine the impedance parameters of single port 
antennas. The attempt to extend the scattering theory developed for 
single port antennas to arrays in general was not successful as bhe array 
scattering equation is not of bilinear form. There may be arrays for 
which the equations satisfy the bilinear requirement or the resulting 
equations may just have a few significant terms. The negative results in 
this area does not mean that the scattering approach to array parameter 
determination is impossible. The work reported on is an attempt to extend 
the state of the art in antenna parameter prediction and further effort would 
be required before this technique can be applied to arrays. 

ANTIC N^ 1 . SNYDER ’ 

Project Engineer 
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8ECTI0N 1 


INTRODUCTION 

Early In the program, the goals were to develop a pseudo-passive communi¬ 
cations satellite utilizing a spiral antenna array and tunnel diode amplifiers for the 
lenticular lens to enhance rf back-scattering. This satellite was to be packaged 
during launch and later deployed at orbital altitude as depicted roughly in Figure 1. 

For this reason, it became necessary to develop a passive surface tempera¬ 
ture control coating to maintain the array within close temperature limits to pro¬ 
tect the diode and lens materials. 

Preliminary thermal studies of the lenticular shape indicated that the lens 
surface should have a solar absorptance of approximately 0.3 and an infrared 
emittance of approximately 0.8 to maintain suitable material temperatures. Coat¬ 
ings having these optical properties are essentially white paints of the type being 
used on current space vehicles; therefore, it became necessary to develop a simi¬ 
lar thermal coating that could be applied to non-metallic flexible surfaces of a 
packageable satellite. 

Solar sailing techniques have been studied for station keeping of a lenticular 
satellite (Reference 1). As part of the material effort of this program, a flexible 
material having potential as a solar sail was evaluated oriefly. This type of solar 
sail material must be developed for successful station keeping of large satellites 
with high area to mass ratios. 

Manuscript released December 1965 for publication as an RADC Technical Report. 
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Work was performed to determine impedances through the study of scatter¬ 
ing properties of isolated and arrayed spiral antenna elements. The approach that 
was taken to determine the spiral antenna parameters from scattering measure¬ 
ments was based on studies at the Ohio State University (OSU) Antenna Laboratory 
(References 2, 3, and 4). The form of the antenna radar cross section equation 
that was considered in the spiral antenna study is 


a 


AeJ y + B 


( 


V - Z e\ 

Z a + Z e/ 


2 


where 

Z a (complex antenna element impedance) = R a + JX a and 
Z e (fixed load impedance) = Re + JXg 
and 

a = measured radar cross section, 

A ($,j 0) = load independent radar cross section coefficient, 
B(0,0) = load dependent radar cross section coefficient, 
y = phase angle between the two scattered components, 

R a = antenna radiation resistance, 

R e ■ load resistance, 

X a = antenna reactance, 

X e = load reactance. 


The field components that result in this return are illustrated in Figure 2. 

A procedure for determining isolated antenna parameters from three scatter¬ 
ing measurements is outlined in the OSU reports (References 2, 3, and 4). One 
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measurement is made with a known load that is adjusted for minimum return, one 
is made with a known load that Is adjusted for maximum return, and one is made 
with an arbitrary known load. The data from these three measurements is then 
plotted on a Smith Chart to obtain A, B, and Ra. But since the loads on the C band 
spiral antennas cannot be conveniently adjusted, the method that was chosen for 
evaluating the spiral parameters is the use of various shorting strips for loads. 
This requires five measurements to determine the five unknown parameters, A, 

B, y , R a , and X a . However, some qualitative information about the scattering 
characteristics can be obtained with fewer measurements. 

Although the OSU scattering measurement technique for determining antenna 
parameters had been applied only to single-port antennas, the application of this 
technique to determine mutual coupling effects of large antenna arrays appeared to 
be a logical extension of this approach. The steps that were considered for deter¬ 
mining the antenna parameters with mutual coupling effects are to first measure 
the array patterns and then divide these patterns by the array factor. The single¬ 
element equation would then be applied to the resulting effective single-element 
patterns. 
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SECTION 2 


TECHNICAL DISCUSSION 
A. THERMAL COATING DEVELOPMENT 

1. General 


Passive surface temperature control is essential to the satisfactory opera¬ 
tion of the pseudo-passive communications satellite concept. To obtain this tem¬ 
perature control, the thermal optical properties of the outer surface of the vehicle 
must be adjusted to within certain limits. Preliminary thermal studies of a lenti¬ 
cular satellite shape have indicated that lens surface with a low solar absorptance 
(o 8 ) to emittance ( t ) ratio is required to maintain suitable material temperatures 
(see Reference-5)^ It is desirable to have a solar absorptance of approximately 
0.3 anc ?n emittance^ofsipproximately 0.8. Coatings having these optical proper¬ 
ties are essentially white pamts^of the type being used on many current space 
vehicles. Available coatings, howevbi;, have not been designed primarily for ap¬ 
plication to non-metallic, flexible surfacehs^uch as the type being considered in the 
present application. 


The coating investigation was directed towarcT establishing a suitable thermal 
control coating system that meets the overall needs of the pseudo-passive com¬ 
munications vehicle. In general, the coating system required must have the fol¬ 
lowing characteristics: * 


(1) o 8 % 0.3 and t + 0.8, 

(2) Good ultraviolet stability 
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(3) Flexibility and good abrasion resistance 

(4) Easily applied to Mylar with a tight bond without heat or pressure 

(5) High ultraviolet opacity to protect substrate from ultraviolet damage 

(6) Transparent to microwave energy 

The procedure for obtaining a suitable coating was to screen a number of 
possible coating systems and from this group obtain the candidate systems that 

i 

4 

warranted further study. The three coatings chosen where then given a careful 
examination t ) establish their flex resistance and ultraviolet stability. 

A flow chart showing the various steps taken in the coating investigation i3 
shown in Figure 3. 

2. Coating Formulations Considered 

a. Preliminary Screening of Coatings. A series of screening tests was con¬ 
ducted to evaluate relative adhesion strength and flex resistance of potentially 
useful commercial and experimental thermal control coatings. All coatings except 
one were applied to Mylar film. Each coating was applied by spray techniques, 
using recommended application procedures, primers, etc. Both smooth and 
"vapor-blasted" Mylar film substrates were used to establish the effect of mech¬ 
anical roughening on bond strength. The coatings evaluated and the results ob¬ 
tained are presented in Table 1. 

Commercial coatings were selected for trial largely on the basis of optical 
properties and published space stability characteristics. The references used to 
obtain this information are given in Table 1. Experimental formulations were 
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Table 1. Pigmented Coatings 


Coating 

No. 

Type 

Source 

Pigment 

Binder 

Pigment-to- 
Binder 
Weight Ratio 

Cure 

Absorp 

(o B ) 

1 

White Skyspar 
(A423, color 

SA 9185) 

Andrew 

Brown Co 

T102 

Epoxy 

Unknown 

Room 

temp 

0.22 

2 

White Kenacryl 

lacquer 

(M49WC17) 

The Sherwin 
Williams Co 

Unknown 

Acrylic 

Unknown 

Room 

temp 

0. 28 

3 

White Silicone 
(Q-90-106) 

Dow Corning 
Corp 

ZnO 

(SP 500) 

Silicone 

Estimated 
to be ap¬ 
prox 1.3 

Room 

temp 

0.282 

4 

White Silicone 
(RTV-11) 

General 
Electric Co 

Silica, 
calcium 
oxide, and 
calcium 
carbonate 

Silicone 

Unknown 

Room 

temp 

Unknow 

5 

White Silicone 
(GAC experi¬ 
mental) with 
ultraviolet 
absorber 

The New 
Jersey Zinc 
Co 

General Elec¬ 
tric Co 

Geigy Chemi¬ 
cal Corp 

ZnO 

(SP 500) 

Silicone 

(RTV-602) 

Tinuvin "P" 
(absorber) 

5 

Room 

temp 

0.32 

6 

White Acrylic 
(GAC experi¬ 
mental) 

The New Jer¬ 
sey Zinc Co 

Leon Chemi¬ 
cal Indus¬ 
tries, Inc 

ZnO 

(SP 500) 

Leonite 

(acrylic) 

5 

Room 

temp 

Unknow 

7 

White Acrylic 
(GAC experi¬ 
mental) 

The New Jer¬ 
sey Zinc Co 

Rohm and 
Haas Co. 

ZnO 

(SP 500) 

Acriloid 

(acrylic) 

5 

Room 

temp 

Unknow 
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tings Evaluated 


bsorptance 

(os) 

Emittance 

(«) 

Ao s 

for 1000 
Equivalent 
Sun Hours 

Ref 

Adhesion 
to Mylar 

Remarks 

.22 

0.91 

0.12 

6,7 

Good adhesion to 
untreated surface; 
poor flexibility. 

Not considered 
a good candidate 
for study. 

.28 

0.86 

Unknown 

7 

Very good adhe¬ 
sion to untreated 
surface; brittle. 

Unsuitable for 
application. 

.282 

Unknown 

0.036 

8 

Fair to good ad¬ 
hesion to untreat¬ 
ed surface; excel¬ 
lent flexibility. 

Good candidate 
for study. 

Unknown 

Unknown 

Unknown 


Very poor adhe¬ 
sion to primed, 
sand-blasted, and 
untreated sur¬ 
faces. 

Unsuitable for 
application. 

.32 

0.90 

0.004 

9 

Very poor adhe¬ 
sion to primed, 
sand-blasted, and 
untreated sur-^ 
faces. 

Unsuitable for 
application. 

f 

fnknown 

Unknown 

Unknown 


Very poor adhe¬ 
sion to untreated 
surface; brittle. 

Unsuitable for 
application. 

fnknown 

Unknown 

Unknown 


Very poor adhe¬ 
sion to untreated 
surface; brittle. 

Unsuitable for 
application. 



Table 1. Pigmented C 


Coating 

tfc. 

Type 

Source 

Pigment 

Binder 

Pigment-to- 

Binder 

1 


. 


Weight Ratio 

I 

8 

White Polyimide 

The New Jer- 

ZnO 


5 

12 


(GAC expert- 

sey Zinc Co 

(SP 500) 



at 


mental) 

DuPont 


Polyimide 



9 

White Epoxy 

The New Jer- 

ZnO 


5 

El 


(GAC expert- 

sey Zinc Co 

(SP 500) 



m 


mental) 

Bee Chemical 


Logo 

EV-8184 







(epoxy) 



10 

White Silicone 

General 

Unknown 

Silicone 

Unknown 

Rc 


(RTV-102) 

Electric 

Co 




te: 

11 

White Silicone 

The New 

Normal 


1 

Rc 


(GAC expert- 

-Jersey Zinc 

pigment 



tei 


mental) 

Co 

+ 







ZnO 

(SP 500) 






General 


Silicone 





Electric Co 


(RTV-102) 



12 

White Silicone 

Dow 

Unknown 

Silicone 

Unknown 

Rc 


(Silastic 731) 

Corning 

Corp 




tei 



7 




































'lgmented Coatings Evaluated (Continued) 


nent-to- 

ler 

fht Ratio 

Cure 

Absorptance 

(a B ) 

Emlttance 

<«) 

b * $ : j 

Ref 

Adhesion 
to Mylar 

Remarks 


12 min 
at 225° 
F 

Unknown 

Unknown 

1 

Unknown 

] 


Fair to good adhe¬ 
sion to untreated 
surface; fair 
flexibility; very 
good adhesion to 
Type H film. 

Coating has slight 
yellow color due 
to binder proper¬ 
ties. 


1 hr at 
225°F 

Unknown 

Unknown 

# 

Unknown 


Good adhesion to 
untreated surface; 
fair flexibility. 

Appears to be 
good candidate 
based on adhe¬ 
sion and flex 
characteristics. 

town 

Room 

temp 

Unknown 

Unknown 

Unknown 


Very good; excel¬ 
lent adhesion to 
untreated sur¬ 
face; adhesion 
improved with 
primer. 

Additional pig¬ 
ment required. 


Room 

temp 

Unknown 

Unknown 

Unknown 


Very good; excel¬ 
lent adhesion to 
untreated sur¬ 
face; adhesion 
improved with 
primer. 

Excellent 

candidate. 

own 

Room 

temp 

Unknown 

Unknown 

Unknown 


Good; excellent 
adhesion to un¬ 
treated surface. 

About same 
characteristics 
as No. 10. 


7 


a 

































Table 1. Pigmented Coatings Evaluated (Cc 


■ vW- ,| 

Type 

Source 

Pigment 

Binder 

Pigment-to- 
Binder 
Weight Ratio 

Cure 

Absorptance 

(®s) 


13 

Clear Silicone 
(RTV-140) 

Dow 

Corning 

Corp 

None 

Silicone 


Room 

temp 



14 

White Silicone 
(GAC experi¬ 
mental) 

The New 
Jersey 

Zinc Co 

General 
Electric Co 

ZnO 
(SP 500) 

RTV-615 

2 

Room 

temp 

Unknown 

I 

15 

White Silicone 
(GAC experi¬ 
mental) 

The New 
Jersey 

Zinc Co 

Dow 

Corning 

Corp 

ZnO 

(SP 500) 

Q-92-009 

Silicone 

3 

Room 

temp 

Unknown 

1 

16 

White Silicone 
(GAC experi¬ 
mental) 

General 

Electric 

Co 

Unknown 

RTV-112 

Unknown 

Room 

temp 

Unknown 

l 



































igs Evaluated (Continued) 


Absorptance 

(°s) 

Emittance 

(«> 

for 1000 
Equivalent 
Sun Hours 

Ref 

Adhesion 
to Mylar 

Remarks 





Available sample 
did not cure 
thoroughly after 

24 hours. 

Unsuitable for 
application. 

Unknown 

Unknown 

Unknown 


Available sample 
did not cure 
thoroughly after 

24 hours. 

Unsuitable for 
application. 

Unknown 

Unknown 

Unknown 


Fair to good 
adhesion. 

Abovt the same 
as No. 3; good 
candidate. 

Unknown 

Unknown 

Unknown 


Good; excellent 
adhesion to 
unprimed sur¬ 
face. 

Same as No. 

10, but lower 
in viscosity. 




mostly blends of highly stable zinc oxide and selected binder materials. Reason- 
able care was taken to avoid the use of binders having known poor resistance to 
ultraviolet degradation. 

As indicated previously, various reports on the subject of thermal control 
coatings were obtained and reviewed to form a background for coating selection. 

It was concluded that the particular application under consideration is somewhat 
unique in that, aside from other requirements, the coating must be flexible and 
be easily applied to Mylar without high heat or pressure. None of the reports 
reviewed except Reference 9 considered flexibility a basic requirement, since 
coatings are normally applied to metal substrates. In Reference 9 the use of 
thermal control coatings on flexible substrates is considered; however, test data 
is not reported on coatings applied to Mylar. 

The primary purpose of the screening tests was to select three coating sys¬ 
tems that displayed excellent adhesion and flex characteristics. After the selected 
coatings were subjected to extensive quantitative testing, as outlined in Figure 3, 
feasibility of the thermal coating approach could be established. 

After considerable coating experimentation, it was found that because of 
poor adhesion and/or brittleness, most coating systems evaluated fell short of 
basic requirements. Of the coating systems examined, only two silicone-based 
formulations appeared to meet basic requirements. Both coatings were experi¬ 
mental formulations compounded by GAC. These formulations,No. 11 and No. 15 
in Table 1, were found to have outstanding adhesion; also, the flexibility of both 
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coatings was excellent, imparting little stiffness to the Mylar. It was also noted 
that full bond strength was obtained without mechanical roughening of the Mylar 
surface. Of the two coatings selected, No. 15 appeared to be a particularly good 
candidate, since the formulation approximates that of No. 3, which was found to be 
highly ultraviolet stable in experiments reported in Reference 8. 

b. Selection of Three Candidate Coatings. Original plans called for continued 
evaluation of the three best coatings resulting from preliminary screening tests. 
These tests, however, produced only two coating systems that warranted further 
consideration. In the absence of a suitable third candidate, it was thought desir¬ 
able to create another coating by increasing the pigment-to-binder ratio of one of 
the two selected systems. Coating No. 15 was selected as the base formulation 
for modification. Selection of No. 15 rather than No. 11 was made because it was 
thought that the binder in No. 15 would perhaps be more ultraviolet stable. This 
conclusion was made on the basis of discussions with Dow Corning Corporation 
technical representatives, who indicated that DC-Q-92-009 was the binder used in 
DC-Q-90-106, a specially prepared thermal coating found to be very ultraviolet 
stable in Reference 8. Quantities of DC-Q-90-106 coating, however, were no 
longer available from Dow Corning Corporation. 

The three formulations selected for continued evaluation are described in 
Table 2. These three coating systems, designated as coatings I, II, and m, are 
referred to in this manner throughout the report. 

As discussed previously, coatings II and m are similar and differ only in the 
concentration of pigment. The pigment concentration of coating II has been adjusted 
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Table 2. Formulation Data for Candidate Coatings 


Candidate 

Coating 

Ingredients 
(parts by weight) 

Pigment 

Volume 

Concentra¬ 

tion* 

(percent) 

Pigment/ 

Binder 

Weight 

Ratio* 

Solids* 

(percent by vol) 

I 

RTV-102 100.0 

SP 500 Zinc Oxide 100.0 
Tinuvin "P" 0.2 

Toluene 400.0 

16.5 

1.0 

19.0 

n 

DC-Q-92-009 100.0 

SP 500 Zinc Oxide 300.0 
Tinuvin "P" 0.4 

Toluene 700.0 

66.1 

9.1 

9.5 

m 

DC-Q-92-009 100.0 

SP 500 Zinc Oxide 100.0 
Tinuvin "P" 0.2 

Toluene 390.0 

39.4 

3.0 

9.0 


* Values are approximate and are based on limited information 
obtained from handbooks or manufacturers' data sheets. 


close to the critical limit. The purpose of doing this was to determine the effect 
of very high pigment concentration on optical and physical properties and ultra¬ 
violet stability. Examination of coating m indicated a slight powderiness;however, 
the coating appeared to have sufficient strength for utility. 

Slight formulation changes were made over the basic formulation used in 
screening. An ultraviolet absorber, Tinuvin "P", was incorporated in each of the 
candidate formulations. The use of Tinuvin "P" was thought desirable because of 
previous experimental results (Reference 9) that showed evidence that the absorber 
compound reduced ultraviolet degradation. 
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To assure compliance with microwave transmission requirements, coating I 
was tested for reflectivity in a standard S-band waveguide setup at 3120 me. The 
sample showed essentially no reflectivity. Coatings II and m were not tested; 

i 

however, it is estimated that these coatings would have about the same character¬ 
istics as coating I. 

3. Coating Application Procedures 

a. Coating Preparation. Equipment and procedures used to prepare the ex¬ 
perimental coatings are discussed in the following paragraphs. 

(1) Equipment. Coatings were ground in porcelain jar ball mills, using 
high-density porcelain rods. The jars, rods, and roller assembly were supplied 
by U.S. Stoneware Corporation. 

(2) Pigment. High-purity, Type SP 500 zinc oxide, obtained from The New 
Jersey Zinc Company, was used in all compounding work. SP 500 was selected 
because of its excellent resistance to ultraviolet degradation (see References 8 
and 10). 

(3) Grinding. Coatings were prepared by first weighing out the required 
zinc oxide and blending the oxide with approximately half of the specified solvent. 
This mixture was then added to the bull mill. Following pigment addition, the re¬ 
quired weight of binder was combined with the remaining solvent and added to the 
pigment. This mixture was then ground for 12 hours. 

Special care was taken in the preparation of coatings I, II, and m, because 
binder materials cure from the reaction of moisture in the air. Moisture-free 
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solvent was used, and the ball mills, balls, and pigment were oven-dried to elim¬ 
inate moisture inclusion. Also, the space above the liquid in the ball mills was 
purged with dry helium as additional protection. It was found that when the above 
procedures were followed, premature gelation did not occur. 

b. Rotoflex Samples. Preparation of the rotoflex samples was accomplished 
in the following manner: 

(1) Three 18 x 18 inch panels of 0.45-mil aluminum laminated to 0. 5-mil 
Mylar were photo-etched to provide typical satellite lens material con¬ 
sisting of uniformly spaced spiral antenna elements bonded to Mylar 
film. Details of the etching process are given later in this section. 

(2) Each 18x18 inch panel was mounted on a rigid cardboard with the plas¬ 
tic film side exposed. Dow Corning DC 4004 primer was then applied 
and allowed to dry. 

(3) The final step in the process was to coat each panel with a different 
candidate coating. A Brinks spray gun with 35-psi air pressure supply 
was used. Sufficient coats were applied to provide a surface thickness 
of approximately 4 mils. After curing, nine 5. 5-inch-diameter test 
samples were die cut from each panel. 

Photographs of completed panels are shown in Figure 4. A typical cross- 
sectional view of the panel is shown in Figure 5. 

c. Absorptance-Emittance Sample s. Application of coating on prepared copper 
disks with Mylar bonded to each side was accomplished at the same time that 
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rotoflex samples were prepared. A cross-sectional view of the sample Is shown 
in Figure 6. The same techniques used to prepare rotoflex samples were used to 
apply these coatings. 

4. Effect of Rotoflexing 

Coating adhesion tests were conducted using the rotoflex test apparatus 
described in Appendix I. This apparatus is designed to flex a 5.5-inch-diameter 
sample through rotary motion at various temperature levels. Tests were con¬ 
ducted at -25, 23, and 100°C on the three candidate coatings. Three samples per 
temperature condition, a total of nine per coating, were tested. Three tests for 
each temperature level were performed to assure reliability of the results ob¬ 
tained and to determine material consistency. 

Test results supplied much needed information on the compatibility of the 
three candidate thermal control coatings with respect to flexing, cracking, and 
peeling. Since the samples also contained spiral antennas, they too were evaluated 
with respect to the above. 

Results obtained from the rotoflex tests are given in Tables 3, 4, and 5. 
Photographs of the samples taken after 2000 cycles are presented in Figure 7. 

Coatings I and II showed excellent flex resistance at all three temperatures 
(-25, 23, 100°C) through the 500-cycle level. Upon continued flexing, coating I 
was found to be slightly more degradation resistant than coating n. Both types, 
however, were not heavily damaged even after 2000 cycles at all three tempera¬ 
tures. 
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Sample 

Test 

Temperature 

(°C) 

Condition of 

50 

100 

200 

1A 

-25 

Tore in jaw area; 
moved to new 
position. 

No change 

Etched array 
cracked. 

2A 

No change 

No change 

No change 

3A 

No change 

No change 

No change 

IB 

+23 

No change 

No change 

Numerous small 
wrinkles 

2B 

No change 

No change 

Wrinkled; 
no separation. 

3B 

No change 

No change 

Wrinkled; 
no separation. 

1C 

+100 

No change 

No change 

No change 

2C 

No change 

No change 

No change 






3C 


No change 


No change 


No change 

















































suits of Rotoflex Tests on Candidate Coating I 


Condition of Sample Following Cycles Noted 


1 

500 


1500 

2000 

sd array 
ced. 

Heavy wrinkles 

Array cracked. 

Small cracks in 
coating and slight 
separation 

Increased cracking 

lange 

Wrinkled; cracks 
started in array. 

No change 

Cracks in coating; 
some separation. 

Increased separa¬ 
tion of coating 

lange 

Wrinkled 

No change 

Small hole in jaw 
area 

Separation of coat¬ 
ing in some areas 

?rous small 
des 

No change 

Small separation 
in jaw area 

No change 

No change 

kled; 

(par at ion. 

Heavy wrinkles 

No change 

No change 

Some separation 
of coating and 
array noted. 

kled; 

par at ion. 

No change 

No change 

No change 

Very wrinkled; 
no apparent 
separation. 

lange 

No change 

1/32-inch cracks 
near center In 
both coating and 
array 

No change; slight 
shrinkage of Mylar 
noted. 

Cracks elongated 
slightly. 

lange 

Small cracks 

No change 

Small cracks in 
array 

— 

lange 

No change 

Cracks in jaw area 

No change 

Heavy wrinkles 
and small cracks 
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1 

£ 

to 
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3. 

2000 

i 

i 

m (0 

U l 
o a 
H 

if 


No change 

Coating flaked 
and separated 
in jaw areas 

1 

1 

c 

o 

§ 

a 

■M 

1 

back side 
cracked in 
some areas. 

Some creases, 

holes, and 

cracks 

i 

i 

1500 

i 

i 

bo 

1* 
S O 

O 

0) 

h 5 

o 

S jj 

o ^ 

Tore at upper 
jaw 

No change 

No change 

No change 

No change 

Several small 
pinholes in 
coating 

No change in 
coating; crack 
in center on 
back. 

1000 

(640) 

Tore at jaw. 

Three small cracks 
in coating 

Two pinholes in 
coating 

Some flaking of 
coating 

More cracks and 
separation 

Crack in 
antenna in iaw 

section 

No change 

Signs of horizon 
creases; no cracks. 

No change; new 
crack in coating 
near lower jaw. 

J 

<M 

o 

e 

o 

i +* 

•H 

•o 

c 

o 

o 

500 

One crack in 
coating 

No apparent 
damage 

Three small cracks 
in coating 

Some separation 
and small cracks 
in coating 

Cracks in coat¬ 
ing; some sep¬ 
aration of coat¬ 
ing in jaw area. 

No change 

No change 

No change 

Crease plus 
few pinholes in 
coating 

200 

No apparent 
damage 

No apparent 
damage 

No apparent 
damage 

No apparent 
damage 

Minute cracks 
in coating 

Cracks and 
slight separa¬ 
tion in coating 

No apparent 
damage 

3 

0) 

§ aj 

si 

fl 

i 

No apparent 
damage 

Test 

Temp 

<°C) 

m 

Cl 

i 

n 

Cl 

+ 

+100 

9) 
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< 
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< 

CD 

n 

CQ 
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§ 


Cl 

eo 

H 

Cl 

eo 


vM 


Cl 


to 

CO 
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Table 5. Results of Rotoflex Tests on Car 


Sample 

Test 

Temperature 

(°C) 

Condition of Samples 1 

200 

500 

10 

1A 

-25 

Small crack on coated side 

Hairline crack on coated 
side; cracks in outside 
edge of one antenna. 

Many hairl: 
coated side 
antennas. 

2A 

Hairline cracks on coated 
side 

Small crack in one antenna; 
cracking increased on 
coated side. 

Hole in jaw 

3A 

Small crack in one anten¬ 
na and one crack on 
coated side 

More cracks on coated 
side 

No apparen 

IB 

+23 

No apparent damage ex¬ 
cept for tear in jaw 
area 

Small cracks in antenna 
at jaw area 

Some sepai 
nas; hairlir 
coated side 

2B 

No apparent damage 

Small cracks on coated 
side 

Slight cracl 
at jaw area 

3B 

No apparent damage 

Small crack in one anten¬ 
na; some cracking on 
coated side. 

Some flakir 
and coating 

1C 

+100 

No apparent damage 

Peeling of antenna in jaw 
area 

More peelii 
nas; some i 
peeling on < 
hole. 

2C 

(240) 

Cracks and separation on 
coated side; antennas 
started to peel. 

More of same 

Small hole* 
on coated s 
peeling. 

3C 

(300) 

Cracks in antenna; no 
damage to coated side. 

Small cracks on coated 
side 

Small hole* 
and more c 
antennas 


^Substrate material used in sample fabrication was found to be chemically degraded 
Results should not be taken as an indication of poor coating performance. 
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ts of Rotoflex Tests on Candidate Coating TO* 


Condition of Samples Following Cycles Noted 



1000 

1500 

2000 

ck on coated 

In outside 
uitenna. 

Many hairline cracks on 
coated side; no change in 
antennas. 

Tear in upper jaw area; 
pinholes on coated side. 

Tear in lower jaw area; 
crack in antenna appar- 
antly same as at 500 
cycles. 

in one antenna; 
reased on 

Hole in jaw area 

Hole in jaw area; moved 
jaws; cracking increased 
on coated side. 

Large tear in center of 
sample; slight separation 
and small crack in center 
antenna. 

on coated 

No apparent change 

Small tear in center of 
specimen 

Tear increased in size 

i in antenna 

Some separation of anten¬ 
nas; hairline cracks on 
coated side. 

No more apparent damage 

No more apparent damage 

i on coated 

Slight cracks in antenna 
at jaw area 

Hairline cracks and some 
separation of coating 

More cracks and separa¬ 
tion on coated side; some 
extension of cracks in 
antenna. 

in one anten- 
icking on 

Some flaking of one antenna 
and coating 

More of same; tear at 
jaw; moved sample. 

More separation of coat¬ 
ing; cracks in antenna 
increased. 

ttenna in jaw 

More peeling of all anten¬ 
nas; some separation and 
peeling on coated side; one 
hole. 

No apparent change 

No apparent change 

e 

Small holes; more cracks 
on coated side; antennas 
peeling. 

Some loss of antennas; 
more cracks on coated 
side. 

Cracks through speci¬ 
men; pieces of antennas 
missing. 

t on coated 

Small holes in jaw area 
and more cracks in 
antennas 

No apparent change 

No apparent change 


to be chemically degraded In etching solution. 
Ing performance. 
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Table 6. Effect of Ultraviolet Exposure in Vacuum on Optical 
Properties of Candidate Thermal Control Coatings 


Equivalent 1570 Sun-Hour Exposure 

<J 

90*0 

*80*0 

20*0 

0.04 

Avg 

0.17 

0.09 

0.09 

0.12 

Avg 

• 

* 

HH cm O 

H H H 

• • • 
o o o 

0.12 

Avg 

w 

0 

< 

* 

■<t< — cd 
o o o 
• • • 
© o © 

m 

o > 

d« 

90*0 

60*0 

11*0 

0.08 

Avg 

0.10 
0.11 
0.03** 

0.11 

Avg 

After 

1 

0.40 

Avg 

0.25 

Avg 

0.31 

Avg 


* 

as c- co 
oo c- oo 
• • • 
o o o 

co bfi 
oo > 

d« 

0.94 

0.86 

0.85 

0.88 

Avg 

* 

it 

CO CO CO 
00 CO 00 
• • • 
o o o 

0.87 

Avg 

CO 

e 

* 

CD 1-H 

eo eo oo 
. . . 
o o o 

m bfi 
eo > 

d* 3 

0.23 

0.22 

0.20 

0.22 

Avg 

0.27 

0.27 

0.19** 

0.27 

Avg 

Before 

1 

0.35 

Avg 

0.17 

Avg 

0.21 

Avg 


MOO 
00 00 00 
• • • 
o o o 

in bfi 

oo > 

• < 
o 

0.77 
0.77 
0.76 

0.77 

Avg 

0.75 

0.75 

0.76 

0.75 

Avg 

W 

a 

CO O 00 

eo eo eo 
• • • 
o © © 

O bfi 
eo > 

d< 

0.12 

0.13 

0.15 

0.13 

Avg 

0.17 
0.16 
0.16 

0.16 

Avg 

Ingredients 
(parts by weight) 

RTV-102 100.0 

SP 500 Zinc Oxide 100.0 
Tinuvin "P" 0. 2 

Toluene 400.0 

DC-Q-92-009 100.0 

SP 500 Zinc Oxide 300.0 
Tinuvin ”P" 0.4 

Toluene 700.0 

DC-Q-92-009 100.0 

SP 500 Zinc Oxide 100.0 
Tinuvin ”P" 0. 2 

Toluene 390.0 

Candidate 

Coating 

No. 


Eh 

B 
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After completion of rotoflex tests on coating in, it was noted that the overall 
performance of this coating fell considerably short of the other two. 

After careful study, it was determined that the poor performance of coating 
in resulted from the use of chemically degraded Mylar. This degradation Is not 
easily detected but resulted from allowing the film to remain in contact with the 
etching solution for too long a time period. Degradation was confined only to the 
material used to prepare coating m samples. 

Brief evaluations indicate that the performance of coating m is only slightly 
less than coating n when applied to undamaged Mylar. 

5. Effect of Ultraviolet Exposure on Absorptance and Emittance 

Coatings I, II, and m were exposed to 1570 hours of simulated space ex¬ 
posure, using the testing techniques outlined in Appendix II. 

The optical properties (cr s and f) of the samples were then remeasured and 
compared to the values obtained before exposure. Details of optical properties 
measuring techniques are discussed in Appendix IV. 

_ • 

Results of these tests are given in Table 6 and plotted in Figures 8, 9, and 

10 . 


Change in solar absorptance of all three coatings, after 1000 sun hours of 
exposure, appears to be less than 0.1. A survey of results obtained by other or¬ 
ganizations on other paint types of coatings applied to metal substrates indicates 
that 0.1 change for 1000 sun hours is about average degradation for a white coating. 
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6. Discussion ol Results 


Examination of the results obtained on the three candidate coatings indicates 
that the performance of all three coatings is sufficiently high to warrant their 
further consideration. However, of the three coatings tested, coating III appears 
to most closely meet the overall requirements as they are presently known. Al¬ 
though the optical properties of all coatings change with continued exposure, the 
rate of change considerably reduces with time. The solar absorptance of coating 
m is sufficiently low that even after extended exposure, sufficient degradation may 
not occur to bring solar absorptance above critical limits. The initial low value 
should not significantly affect vehicle performance. 

It is believed that sufficient information has been obtained from the coating 
development work to establish the feasibility of the flexible thermal balance coat¬ 
ing approach. However, since many factors affect the selection of an orbiting 
vehicle coating system, much additional characterization work should precede the 
final selection. 

B. SOLAR SAIL MATERIALS INVESTIGATION 

1. Introduction 

Solar sailing techniques provide a unique method for keeping the psuedo- 
passive communications satellite on station. Therefore, as part of the materials 
effort, one potential solar sail material was briefly evaluated. Only limited work 
in this area was undertaken because of early program redirection. 

The solar sail must have satisfactory optical and thermal properties to obtain 
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efficient momentum transfer from solar electromagnetic radiation. Properties 
required for optimum solar sail efficiency are shown in Figure 11. 

After consideration of the requirements of a solar sail material, it was 
concluded that a dark mirror type of coating (see Reference 11) might be suitable 
for side 1. The dark mirror coating consists of multilayers of vapor-deposited 
metals and oxides and is extremely lightweight. Of particular interest is a type 
composed of Al, SiO, Al, SiO. With this approach, it was estimated that the 
practical value of R would be about 0.2 and the value of € about 0.07. 

An opaque coating of vapor-deposited aluminum with an overcoat of SiO was 
considered a satisfactory choice for side 2. Using this combination, values of R 
and € on the order of 0.8 and 0.7 seemed realistic. Lightweight 0.25-mil Mylar 
was selected as the substrate material. The film serves as a carrier for the 
coatings as well as the basic structural member for transmitting load resulting 
from the reactions of the solar radiation. Weight of the above combination is ap¬ 
proximately 0.35 oz/yd^. 

Three samples, 3x3 inches of the above described material, were prepared 
for GAC by Kinney Vacuum Division, New York Air Brake Co. The optical proper¬ 
ties of the material were measured as received and remeasured after being ex¬ 
posed to simulated space conditions for an equivalent 2450 sun-hour exposure. The 
investigation procedure is outlined in Figure 12. 

2. Spectral Reflectance 

Total reflectance measurements were made on each side of the three especially 
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prepared solar sail samples. Date obtained In the wave length region between 0.3 
and 0.8 micron is presented in Figure 13. 

The data obtained shows general agreement with published data on similar 
coatings (Reference 11). It also provides an excellent means for determining the 
repeatability of the sample production process. 

3. Solar Sail Solar Absorptance and Emittance Measurements 

Measurement of the thermal properties (solar absorptance and emittance) 
of the solar sail material before and after ultraviolet exposure was accomplished 
by means of the dynamic thermal vacuum technique described in Appendix IV. 
Simulated solar radiation is used to heat the sample, which is subsequently per¬ 
mitted to cool. Sample temperatures are monitored as a function of time through¬ 
out the test. The coating emittance and solar absorptance were then derived from 
the time-temperature data as outlined in Appendix IV. 

Test specimens were prepared in the same manner as the samples for coat¬ 
ing analysis except that the coatings were applied to the Mylar substrate before 
bonding to the copper disk. 

Solar absorptance and emittance of the dark mirror side were determined to 
be 0.72 and 0.050 respectively. The solar absorptance appears to be in line with 
values reported by other investigators. The emittance of 0.05, however, appears 
to be somewhat lower than the 0.08 normally reported for this type of coating. 

Solar absorptance and emittance of side 2 were determined to be 0.224 and 


22 



0.055 respectively. It was determined that the thickness of the SiO coating on side 
2 of the solar sail is about 0.2 micron and therefore would explain the low emittance 
characteristics. To obtain a higher emittance, the thickness of the SiO coating 
would have to be increased. Limited data indicates that about 5 microns would be 
required to provide an emittance of 0.7. It is very doubtful that the material could 
be folded if coated with this thick a layer. 

4. Ultraviolet Exposure 

Ultraviolet exposure tests were conducted to determine the space stability 
of the solar sail material. Samples disk prepared for optical properties measure¬ 
ment were irradiated with ultraviolet under high vacuum conditions, using the pro¬ 
cedures outlined in Appendix II. Vacuum pressure during exposure was maintained 
in the range of 1 to 5 x 10" 5 mm Hg. The temperature of the sample was held at 
approximately 70°F during exposure. Ultraviolet energy was supplied by a water- 
cooled, A-H6, high-pressure, mercury arc lamp. Ultraviolet intensity was moni¬ 
tored throughout the test. Intensity ranged between 4 and 5 times the level pro¬ 
vided by the sun in space. 

5. Results of Ultraviolet Exposure Tests 

The effect of ultraviolet exposure on the optical properties of the solar sail 
material is shown in Table 7. In general, results indicate that the exposure of an 
equivalent 2450 sun hours did not bring about a large change in the optical proper¬ 
ties of either coating. However, emittance of the dark mirror could not be mea¬ 
sured because the sample overheated and was lost while making absorptance mea¬ 
surements. 
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A comparison of the absolute reflectance characteristics of the Al-StO 
coated side before and after exposure was also m>de. This dai* is presented in 
Figure 14. Absolute reflectance measurements were obtained using the equipment 
described in Appendix m. 

6. Discussion of Results 

Although the solar sail material was examined only to a limited degree, it 
would appear that the dark mirror coating is very suited to the requirements. 
Further optimization of a coating system for side 2, however, will be required to 
obtain high emittance. 


Table 7. Effect of Ultraviolet Exposure in Vacuum on Optical 
Properties of Solar Sail Type Coatings 


Equivalent 2450 Sun Hour Exposure 


Description 

Before 

After 

(O 

a 

Ac 

«s 

c 

a 8 

€ 

Dark mirror coating 
deposited on 0.25-mil 
Mylar, 4 layer type, 
SiO-Al-SlO-Al (Ref 11) 

0.72 

0.050 

0.795 

* 

0.075 

— 

Vapor-deposited alumi¬ 
num with SiO over coat¬ 
ing. Substrate is 0.25- 
mil Mylar. SiO thick¬ 
ness is approx 9.25 
micron. 

0.224 

0.055 

0.280 

0.108 

.0.056 

4 • 

0.053 


*Emittance not measured because sample was damaged in making absorptance 
measurement. 
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C. RF MODEL DEFINITION 


1. General 

Single-element and three-foot-square models of the spiral antenna concept 
were required for rf anechoic and range tests respectively. A representative 
uingle-epiral element is shown in the frontispiece. Three types of single elements 
were made for the anechoic chamber tests; namely, the open circuit spiral, the 
short circuit spiral and the stub short spirals as defined on Figure 15. 

Several spiral array spacings and types of reflecting surfaces were investi¬ 
gated for the rf range tests, as defined in Figure 15. The three stub short lengths 
of A/8, a/ 16, and 3A/16 were chosen as a result of the monostatic and bistatic rf 
tests of single- spiral elements in the anechoic chamber. The details of the test panels 
are shown schematically in Figure 16. The models basically consist of three to five 
separate layers depending on the type of reflecting surface incorporated. Details 
of material characteristics and sizes are also included. Basically 11 separate models 
were constructed primarily for the pocket or cup type of reflecting surface. Five of 
these models were adapted for the plane type reflecting surface by substitution of 
the back subassembly (see Figure 16). Figure 17 shows the design details for both 
types of reflecting surfaces under consideration. 

2. Antenna Array Fabrication 

a. Photographic Artwork Development. A model spiral pattern of etched copper 
on a fiberglass substrate was supplied to GAC by Sylvania Electric Products, Inc 
per RADC direction. 
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The spiral antenna characteristics are defined in Figure 18. The mathe¬ 
matical definitions are given for the spaces between the metallic elements for the 
spiral concept. Further theoretical treatment and overall analysis can be obtained 
from Reference 12. Arrays of these elements in conjunction with a tunnel diode 
circuit are being tested at X band at different spacings both at Sylvania (Reference 
13) and RADC. Since GAC rf tests were to be conducted at a frequency of 5030 
mcs, it was necessary to increase the Sylvania spiral size by a factor of 1.6. 


The following steps were used to develop GAC's spiral pattern from Sylvania's 
etched copper sample: 

(1) Sylvania's single spiral pattern was contact printed and a 1 : 1 scale 


negative was obtained as shown in the following sketch: 



(2) Step 1 negative was enlarged by a factor of 1.6 to yield a size for 5030 


mcs testing. 

(3) Step 2 negative w U3 enlarged to a 10 : 1 scale, and two positive cronaflex 
working copies were nude for design A (open circuit) and design B (short 
circuit). 


(4) Design A was reworked to obtain a 0.030 inch line width at a 1 : 1 scale at 


the inner two termination points. 

(5) Design B was reworked to obtain a 0.030 inch line width at a 1 : 1 scale at 
the inner termination points. 
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DESIGN A - OPEN CIRCUIT DESIGN B - SHORT CIRCUT 

(6) Designs A and B were reduced from a 10 : 1 to a 5 : 1 scale and photo¬ 
light painted (Type II) (See Appendix V) together in order to keep them 
identical in size. The photo-paint was used to clean up the ragged edges. 

(7) The artwork of designs A and B was reduced from a 5 : 1 to a 1 : 1 
scale. (1.185 ±0.003 Inch diameter). (Obtained one negative of each.) 

(8) Photographically duplicated artwork from step 7, making the number re¬ 
quired for all panel assemblies. (Obtained positive films at a 1 : 1 
scale.) 

(9) Positive films of the spirals were assembled onto an overlay of stable 
film (18 x 18 inches), using an accurate scribed guide as an assembly 
aid. This was done for each antenna array spacing (0.75 X, 1.0 X and 
1.25X), using an assembly tolerance of ±0.020 (see Figure 19). 

(10) The film was contact printed, and an 18 x 18 inch negative (1 : 1 scale) 
was obtained as a completed master pattern. 

b. Chemical Etching Procedure. The rf antenna array models for free space 
range tests were three feet square. For ease in handling, the array sections were 
made in four 18 x 18 inch pieces, which were later spliced together. 
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The following chemical etching procedure was used to etch the master pattern 
artwork on 0.00045-inch aluminum bonded to 0.0005-inch Mylar film. 

(1) The aluminum-Mylar sheets were cut to 20 x 20 inches and taped onto 
mounting boards of aluminum (0.040 inch) with the aluminum side up. 

(2) The aluminum surfaces to be etched were then cleaned, using a small 
block of styrafoam with fine pumice and water until unbroken water film 
was obtained during the rinse. 

(3) The surface was air dried for 10 minutes, then heat dried for 5 minutes 
at 150 to 200°F. 

(4) The photo-sensitive material was applied in a darkroom by dipping the 
mounting board into a large tray of Kodak Metal Etch Resist (KMER) 
by mixing 2 parts KMER thinner with 1 part KMER resist. The mount¬ 
ing board was laid in the tray with the aluminum surface up for 3 to 5 
minutes. The mounting board was removed from the tray very slowly 
and allowed to drain and air dry for 10 to 15 minutes. 

(5) When the air dry was complete, the resist coating was cured for 5 
minutes at 150 to 200°F and cooled tc room temperature. 

(6) The master pattern negative was then exposed for 8 minutes on the 
photo-resist surface. 

(7) KMER Developer (full strength) was used to develop the unwanted resist 
away. Development time was 2 minutes. 

(8) The developed panels were rinsed in cold running water and air dried at 
room temperature. 

(9) The sheets of material were then removed from the aluminum mounting 
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and taped onto a plexiglass mounting board. (The aluminum mounting 
was used to withstand the curing temperature in the photo-resist pro¬ 
cess, and the plexiglass mounting was used to resist the next step 
etching process.) 

(10) The chemical etching process was obtained by mixing 11 to 15 ounces 
of NaOH/gallon of water (by weight) in a dipping tank. 

(11) The plexiglass panels were then placed in the tank and allowed to etch 
away the unwanted aluminum from the sheets for 30 minutes at room 
temperature. 

(12) After the etching process, the sheets were rinsed in cold water for 30 
minutes and air dried for 30 minutes. The sheets were then removed 
from the plexiglass mounting and placed in a cardboard folder with 
thin sheets of paper to separate each sheet. 

c. Recommendations for Future Array Fabrication. The substrate materials 
to be used for fabrication of future arrays shall be selected to minimize all toler¬ 
ances that build up in all steps of fabrication. The basic substrate should be of 
stable material and of such thickness as to prevent wrinkling in the photographic, 
etching, welding, and assembly processing. 

For photographing any future master patterns of the spiral arrays, GAC’s 
newly developed "pinhole camera" method should be considered. The advantages 
gained here are time and cost saving plus improved oriented spacings between 
spirals. This innovation is possible simply by photo-painting the pinholes to obtain 
a very sharp edge around the circumference of the hole. This factor greatly 
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improves the resolution of the image. This new development is also planned to be 
used for multilayer printed circuit boards and many electronic applications. 

In the future, all photographic film used for the spiral master pattern shall 
be DuPont's Cronar Ortho S Litho Film or equivalent. This is a new stable film 
that is replacing photographic glass plates in most applications. Tests showed that 
it is three to four times as stable as any other film made to date. 

To locate the metal cups in the same relationship as the master pattern, a 
photographic metal template should be made by contact printing directly from the 
master pattern onto the metal template. Then the centers of each spiral can be 
located and center-punched for drilling. 

3. Welding Considerations 

a. Background. The welding requirement was to join stub shorts of a suitable 
material to the spiral antennas. The characteristics required of this material 
are as follows: 

(1) Good electrical conductivity 

(2) Ductility (for small bend radii) 

(3) Rigidity (to maintain its shape during handling and service) 

(4) Welding compatibility (for joining to the aluminum foil) 

(5) Minimum mass 

Both strength and electrical conductivity were required of this joint without 
serious damage to the Mylar. Three welding processes - electron beam, laser, 
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and parallel gap - were considered. The first two Involve very high Initial equip¬ 
ment costs and would require special tooling. Also, it is likely that the use of 
these processes would result in Mylar damage. Electron beam welding can be 
accomplished only in a vacuum, and parts are therefore limited to tly-j size of the 
chamber. Special safety precautions must be observed when using the laser weld¬ 
ing process. However, this does not mean that these processes should not be con¬ 
sidered for future work. It is doubtful whether ultrasonic welding would work with 
these materials, since the Mylar would tend to dampen the vibrations. Electrodes 
as they are now being made would not have access to the joint area. 

Parallel gap welding is a resistance welding process wherein the heating 
necessary to the formation of a joint is effected by the resistance to the flow vi 
current between two electrodes, both on the same side of the materials to be joined. 
Initial equipment costs are comparatively low, and no special tooling is required. 
The parallel gap method was chosen because the equipment was available and it 
seemed the most practical for this application. 

b. Stub Short Material Selection. The stub width was established at 0.030 inch. 
Available foils under 0.010-inch thick were sheared into strips for weld tests. 
Cursory weld schedule searches were made to establish the degree of compatibility 
for welding to aluminum. Welding was attempted using the following materials: 

(1) 0.0034-inch Rene 41 

(2) 0.003-inch brazing stock (melting temperature 1200°F) 

(3) 0.007-inch brass 

(4) 0.003-inch stainless steel 

(5) 0.002-inch copper 
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Of these, the 0.007-inch brass appeared to be the most weldable. Several 
single elements were welded and tested electrically. The conductivity across the 
joint was good. The parent material strength or its bond strength was evidently 
insufficient to support the mass of the 0.007-inch stub, since joint failure oc¬ 
curred during subsequent testing. 

Further weld tests were conducted, and it was found that 0.003-inch stainless 
steel welded satisfactorily. A change was made to this material to reduce the stub 
mass. Even with the new material, parent material failures occurred during testing 
and handling. This was remedied by adding a small amount of p > the joint after 
welding. 

c. Equipment. The welding machine is a capacitor-discharge, parallel-gap, 

40-watt-second Weltek (Wells Electronics, Inc). This has a force range of 3 
ounces to 10 pounds, a variable working stroke, and a throat depth of 3 inches. 

Before welding the large test panels, the weld head was returned to the factory for 
modification. This included increasing the throat depth to 9 inches, calibrating 
the weld force, and adding a micro adjuster for easy and repetitive adjustment of 
the electrode gap. 

d. Weld Schedule Development. A good weld in a material combination such as 
this should demonstrate the ability to pull out a 0.015 - 0.020 inch diameter slug of 
the thinner material when loaded in peel. This was accomplished with the brass 
stubs using 3.9 watt-seconds, 1.6-pound force, 0.003-inch electrode gap, and 
Class 2 (RWMA*) electrodes having a 0.020 x 0.040 inch face. When the change 

* Resistance Welder Manufacturers' Association 
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was made to Type 302, 0.003-inch stainless steel, the schedule used was 300 units 
(approximately 1.1 pound) of force, 3.4 watt-seconds of energy, 0.007-inch elec¬ 
trode gap, and Class 2 electrodes having a 0.015 x 0.035 inch face. The back-up 
or base material has a definite bearing on the amount of weld energy required to 
effect a good weld. For example, more energy is required when using copper than 
when using glass. The electrode face size, the electrode gap, and the land area 
where the weld is being made are the most critical parameters. 

e. Fabrication Techniques 

(1) Shorting Stubs. The stainless steel foil was first sheared into strips 6 x 
0.030 (±0.002) inches. These strips were then gripped at the ends and stretched 
beyond the yield point so that they would be flat and straight. The strips were 
placed, five at a time, in a two-stage forming tool. The first stage forced the 
material down to form the top and sides of the stub. The second stage bent the 
two feet over and sheared them off to the proper length (see Figure 20). 

(2' Welding and Handling Fixtures. In the early portion of the program, the 
panels were welded in 18-inch-square quarters. With the new welding machine 
arms, which extended the throat depth to nine inches, it was possible to weld half¬ 
way across the quarter panel. An 18-inch-square aluminum table was attached to 
the weld head base to support the parts during welding. The Mylar sheet was posi¬ 
tioned and taped to a 20-inch-square aluminum sheet that was free to move across 
the supporl table under the electrodes. After a row of stubs was welded in place, 
a channel was bolted down to protect the welded stubs during sub sequent work and 
handling (see Figure 21). A Teflon-covered strip of metal was made to position 
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the stubs. It was an aid in welding but could not be removed after welding without 
damage to the parts. 

(3) Welding (Panels C and G). Figure 22 shows the operator positioning a 
panel for welding. This clean* room installation shows the dual-range power 
supply, which discharges current through the electrodes of the dual-head. A foot 
pedal moves the electrodes vertically and triggers the current discharge when a 
preset weld force is reached. All welding is done with the aid of 10X Bausch and 
Lomb stereo binoculars and an illuminator. Stub shorts are positioned with 
tweezers and held manually until the electrodes apply sufficient force to fix the 
stub location. The electrodes are cleaned with a very fine (600-grit) emery board 
about every 10 welds. The electrodes are formed with a double bend, as shown in 
Figure 23. The upper bend gives clearance for the stub and permits good visibility; 
the lower bend makes the welding portion of the electrodes parallel. With this 
short portion being a constant section, the electrodes can be dressed repeatedly 
without changing the size of the contact face or the electrode gap. Following weld¬ 
ing, a drop of Vitel* is applied with a hypodermic needle (0.010-inch hole) to the 
foot of the stub. The Vitel flows enough so that upon drying it helps distribute the 
load of the stub short mass to the adjacent Mylar and aluminum. 

(4) Welding (Panels L, M, N, and 0). The Mylar panels with the stub shorts 
attached presented a handling problem; therefore, it was decided that for the bal¬ 
ance of the program, the Mylar should be bonded to the foam before welding. It 
was further decided that to minimize labor, the panels be made in three sections 
*TM, The Goodyear Tire & Rubber Co, Akron, Ohio. 
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approximately 12 x 36 inches as shown in Figure 24, rather than in the original 
four 18 x 18 inch sections. The 36 x 36 inch panels were divided into three equal 
lengths and three equal widths as nearly as possible. The actual width was con¬ 
trolled by the antenna array spacing. The slit lines were made parallel to a line 
drawn through the inner antenna terminals. The section at the bottom of Figure 
24 shows how the panels were reassembled and cemented together after the weld¬ 
ing was completed. The remaining assembly procedure was the same as for panels 
A and E as far as cup spacers and back-up structure were concerned. A partially 
welded panel is shown in Figure 25. A new set of electrodes was made to provide 
better accessibility for welding through the foam panel and to accommodate the 
longer (3A/16) stub shorts. Figure 26, a view of the electrodes in the welding 
position as seen through the stereo binoculars, shows what the operator sees when 
welding the rear foot of the stub short. Figure 27, a view of the stub short foot 
as seen from the bottom through the Mylar, shows where melting and resolidifica¬ 
tion of the Mylar have taken place. Figure 28, a sectional view through the weld, 
shows the stainless steel to aluminum bond. The sequence of operations incor¬ 
porating the bonding of the Mylar to the foam sections before welding was very 
satisfactory throughout the fabrication processes. Special handling boxes and 
separator foam sheets were used to prevent panel damage during transportation 
from one area to another. 

4. Test Panel Assembly 

a. General. Figure 29 shows the equipment used to manufacture the test panels 
and examples of the separate components. Table 8 describes the test panels, and 
Table 9 identifies the various subassemblies of the test panels. 
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Tabic 8. Teat Panel Assemblies 


Panel 

Assembly 

Subassemblies No. 
(See Table 9) 

Antenna 

Array 

Spacing 

Cup 

Reflectors 

Type of 
Circuit 

Stub Height 
Dimension 
(X) 

Front 


A 

1 

4 

m 

Yes 

Open 

mm 

B 

2 

4 

oa 

Yes 

Direct 

short 


C 

3 

4 

na 

Yes 

Stub 

short 

X/8 

D 

5 

6 

1.0X 

Yes 

Direct 

short 

— 

E 

7 

8 

1.25 X 

Yes 

Open 

-- 

F 

9 

8 

1.25 X 

Yes 

Direct 

short 

-- 

G 

10 

8 

1.25 X 

Yes 

Stub 

shor + 

X/8 

H 

1 

11 

0.75X 

No 

Open 

-- 

I 

2 

11 

tm 

No 

Direct 

short 

-- 

J 

3 

11 

0.75 X 

No 

Stub 

short 

-- 

K 

12* 

11 

0.75X 

No 

Stub 

short 

X/16 

L 

12* 

4 

0.75 X 

Yes 

Stub 

short 

X/16 

M 

15* 

8 

1.25 A. 

Yes 

Stub 

short 

X/16 

N 

14* 

4 

0.75 X 

Yes 

Stub 

short 

3X/16 

0 

13* 

8 

1.25X 

Yes 

Stub 

short 

3X/16 

P 

14* 

11 

0.75X 

No 

Stub 

short 

3X/16 


♦Stub shorts welded to front face panel after assembly of Mylar to foam. 
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Table 0. Teat Panel Subassemblies 


Sub- 
assem¬ 
bly No. 

Antenna 

Array 

Spacing 

Cup 

Reflec¬ 

tors 

No. 

of 

Cups 

Hole Sice 
in Foam 
(inches) 

Foam 

Thickness 

(inches) 

Covering 
on one 

Side 

Typ^ 

of 

Circuit 

1 

mi 

No 


1-7/18 

0.375 

Yes 

Open 


2 

ma 

No 


1-7/18 

isa 

Yes 

Direct 

short 


3 

0.75X 

No 


1-7/18 

0.375 

Yes 

Stub short 

X/8 

4 

0.75X 

Yes 

400 

1.350 

0.375 

No 

NA 

( 

5 

IX 

No 


1.7/16 

0.375 

Yes 

Direct 

short 


6 

IX 

Yes 

225 

1.350 

0.375 

No 

NA 


7 

1.25X 

No 


1-7/18 

0.375 

Yes 

Open 


8 

1.25X 

Yes 

144 

1.350 

0.375 

No 

NA 


9 

1.25X 

! 

No 


1-7/16 

0.375 

Yes 

Direct 

short 


10 

1.25X 

No 


1-7/18 

0.375 

Yes 

Stub short 

A/8 

11 

— 

No 


NA 

0.212 

A1 sheet 

— 


12 

0.75X 

No 


1-7/18 

0.375 

Yes 

Stub short 

X/16 

13 

1.25X 

No 


1-7/16 

0.375 

Yes 

Stub short 

3 A/16 

14 

0.75X 

No 


1-7/18 

0.375 

Yes 

Stub short 

3X/16 

15 

1.25X 

No 


1-7/18 

0.375 

Yes 

Stub short 

X/16 


b. Foam Support Preparation. The foam used to support the array and reflec¬ 
tor components was rigid polyurethane foam having a nominal density of 2 lb/cu ft. 
The foam was cast in one 42 x 84 x 10 inch piece and then cut to 42 x 42 x 10 inches 
The block foam was sliced to the required slab thickness on a band saw. A 36 x 
36 inch template and a sharp knife were used to trim the panels to size. 

The trimmed panels were placed in the drill template (see Figure 30). Two 
of the side rails were adjustable to provide light clamping pressure on the foam 
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and to allow for slight dimensional variations of the foam panel. The template 
was then turned over so that the foam panel was down against a sheet of plywood 
(see Figure 30). The next operation was to pilot drill 1/4-inch-diameter holes 
through the drill template (see Figure 30). A collet was mounted on the drill bit 
to eliminate excessive drilling and to minimize wood chip debris from the plywood 
back-up board. The fixture was turned over again with foam side up. The enlarged 
holes were drilled as shown in Figure 30. The hole saws used had lengthened cen¬ 
ter bits to engage the 1/4-lnCh holes in the drill template before cutting the foam. 

A 1-7/16 inch-diameter hole saw was used for the panels to which the array was 

« 

mounted. A hole saw ground to a 1.350-inch-diameter was used for cutting the 
panels in which the cups were mounted. The outside diameter of the cups was 
1.359 inches, thus creating an interference fit of 0.009 inch. 

c. Antenna Array Face Assembly. The etched quarter panel arrays were re¬ 
ceived untrimmed. Mylar film drawing material was used on a flat surface to lay 
out the centerlines for a 36 x 36 inch panel. The layout also included the center- 
lines for the outside row of arrays for each quarter panel. Figure 31 illustrates 
the layout procedure and defines dimensions for the three spacings involved. 

Figure 32A shows the positioning of the first quarter panel, lining up with 
the layout centerlines, and then taping it down. Figure 32B shows the placement 
of the second quarter panel. Figure 32C shows all four quarter panels in position 
and prepared for trimming. The panels were trimmed on the centerlines only, and 
the trimmed-off material was removed as shown in Figure 32D. The butt edges of 
the panels were then seamed with pressure-sensitive Mylar tape as shown in 
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Figure 32E. All of the foregoing operations were performed with the etched side, 
or metal side, down. 

At this point, the assembled array panel was turned over to put the etched 
side up and realigned with the layout In preparation for mounting of the foam panel. 
This procedure also served as proof of dimensional accuracy of the array assem¬ 
bly. Along the 38-Inch-long sides, small wood battens were tacked down as guides 
for placing the rigid foam backing (see Figure 33A). One coat of a polyurethane 
elastomer adhesive was applied to the bonding surface of both the foam and the 
array sheet (see Figure 33B). Immediately after adhesive application, the foam 
backing was positioned. After the foam backing was in place, it was covered with 
a plywood sheet, which in turn was weighted with shot bags. The assembly was 
left in this condition for not less than 24 hours, the room temperature cure time 
for the polyurethane adhesive. 

d. Reflector Face Assembly. One of the reflector face assemblies consists of 
a sheet of thin aluminum bonded to a foam spacer 0.212 inch thick. To further 
stiffen this panel, a 36-inch-square piece of 1/2-inch plywood was added to the 
back side of the aluminum. 

The reflector panels using the aluminum cups for the reflector element were 
assembled as follows: Using the polyurethane elastomer adhesive, the foam was 
cemented with one coat over the contact area between the cup and foam (see Figure 
34A). The cups were cleaned using acetone solvent. A wood holder with a groove 
cut to receive the open end of the cup was used to position the cups. The depth of 


39 



the groove In the holder wu 0.355 (+0.000, - 0.010) Inch. The cups were placed In 
the holder as shown In Figure 34 B and positioned In the foam as shown In Figure 
34C. The adhesive was allowed to cure for 24 hours at room temperature before 
any further handling. 

e. Panel Tolerances and Flexural Stability. A common master was not used 
for the spacing of the antenna array sheets and the drill fixture. Therefore, there 
were situations where the cumulative tolerances were in opposite directions. Al¬ 
though no test panel was rejected because of this, better alignment could have re¬ 
sulted if a common master had been made. 

Additional foam, as a hollow core structure, had to be provided to stiffen 
the test panels for field test conditions. Figure 35 shows the construction of this 
added stiffener and its position relative to the cup reflector panels. 

D. RF EVALUATION OF SINGLE-SPIRAL ANTENNA ELEMENTS 

1. General 

The purpose of the single-spiral antenna patterns was to obtain data that 
could be compared to the corresponding data of the arrayed spiral antennas. As a 
result, single-element models were fabricated, and scattering measurements were 
made of the spiral antennnas with specified terminations. The effort was concen¬ 
trated on evaluating the load independent coefficient, A, and load dependent coeffi¬ 
cient, B, for the particular spiral antennas. The relative magnitude of these two 
quantities indicates the amount of interference that can be expected when the re¬ 
flecting antenna is used in a communications system. 
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The following discussion of single-spiral antenna elements Includes data 
first presented In Reference 14. 

2. Model Description 

The single-spiral antenna models and terminations that were used for the 
reflectivity measurements and analysis are presented in Table 10. The spiral an¬ 
tennas are copies of the Sylvania design discussed in Referonce 13. Since the 
original antennas were designed for the 7.5 to 8 gc range, the scattering antenna 
models were enlarged by a factor of 1.6 to be compatible with the reflectivity 
range equipment that was available at 5030 me. The spiral antenna supplied by 
Sylvania and an enlarged spiral antenna are shown in Figure 36. The diameter is 
about 0.5 wave length at the measurement frequency of 5030 me. The radiating 
region of the antenna is approximately 1 wave length in circumference, and the 
radiation pattern rotates with frequency as the radiating region changes with fre¬ 
quency. Although the antennas were designed for an antenna impedance of 60 ohms, 
Sylvania deduced that the actual Impedance was * 62 ohms on the basis of the per¬ 
formance of their tunnel diode antennafier systems. They also determined that the 
elipticity ratio was less than 3 db over the half power radiation beamwidth. This 
beamwidth varied between 50 and 90 degrees, depending on the measurement plane, 
and had a nominal value of 75 degrees. 

Cross-sectional views of the spiral antenna reflecting surfaces are shown in 
Figure 37, and a sketch indicating nominal dimensions of the shorting strips is 
shown in Figure 38. Since the single-element terminations were constructed by 
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Table 10. Single-Spiral Antenna Elements 


Model 

Bistatic 

Angle 

(degrees) 

Spiral Termination 

SC 

OC 

A/16 

3 A/32 

A/8 

KA/33 

3V16 

1. No Reflector Backing 









a. Terminals Horizontal 

0 

X 

X 



X 



b. Terminals 45° 

0 

X 

X 



X 



c. Terminals Vertical 

0 

X 

X 



X 



2. Plane Disk Reflector 



■ 

■B 


■ 



a. Terminals Horizontal 

0 


9 

: Y fH 

■ 




b. Terminals 45° 

0 


9 

I4l'l 


□ 

ISpI 


c. Terminals Vertical 

0 

Q 

9 



B 



3. Large Cup (1.469" Dia) 






■ 



a. Terminals Horizontal 

0 

X 

X 






b. Terminals 45° 

0 

X 

X 



X 



c. Terminals Vertical 

0 

X 

X 



a 



4. Small Cup (1.312" Dia) 









a. Terminals Horizontal 

0 

X 

X 



X 



b. Terminals 45° 

0 

X 

X 



X 



c. Terminals Vertical 

0 

X 

X 



X 



d. Terminals Vertical 

0 

X 

X 

X 

X 

El 

X 

X 

e. Terminals Vertical 

15 

X 

X 

X 

X 

H 

X 

X 

f. Terminals Vertical 

30 

X 

X 

X 

X 

X 

X 

X 

g. Terminals Vertical 

45 

X 

X 

X 

X 

X 

X 

X 

h. Terminals Vertical 

60 

X 

X 

X 

X 

X 

B 

X 


NOTE: SC = short circuit. OC = open circuit. A = wave length (2.348"). 
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hand, the mechanical tolerances were somewhat greater than (or the terminations 
that were used with the arrayed elements. 

3. Measurements 

a. General. An empirical study was conducted in an effort to separate the load 
dependent from the load Independent scattering of a single*spiral element. The 
data acquired consists of scattering patterns of the element with various shorting 
configurations attached to the terminals. 

b. Measurement Facilities. All single*element measurements were conducted 
In a C-band anechoic chamber lined with Emerson 6 Cummlng Ecosorb CV-6 ab¬ 
sorber material (* 0.1 percent maximum power reflection, 1. e., -30 db). 

Two conical horns were designed and fabricated with a dielectric card In¬ 
serted to achieve right-hand circular polarization. The measured circularity in 
each horn was < 0.35 db. The aperture diameter of each horn is 4.0 inch, hence 
the far field (R = 2lVx) is 13.6 inches. The spiral elements, which have a dia¬ 
meter slightly greater than one inch, will have a much smaller minimum range re¬ 
quirement. The range length used was 31.0 Inches. This more than doubled the 
minimum far-field requirement and facilitated convenient handling. 

A small azimuth rotator was fitted with a 2.0-inch diameter foam cylinder 
target support. This cylinder was found to be essentially invisible at the test fre¬ 
quency (5030 me, X = 2.348 inch). 
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The equipment block diagram and photographa of the system that was uasd 
for monostatic measurements and the system that was used for blstatlc measure¬ 
ments are shown in Figure 39. The block diagram portion enclosed by dashed 
lines is used for monostatic operation only. For blstatlc operation, the two home 
are connected as shown by the dotted lines. The operation of the blstatlc system 
Is straightforward and will not be discussed in detail. The operation of the mono- 
static system requires rather unique tuning, however, and will be discussed In the 
following paragraphs. 

The klystron is locked on the test frequency by a crystal-controlled frequency- 
stabilizing unit. The frequency meter and oscilloscope are used for initial tuning of 
of the klystron. The frequency stabilizer ensures long-term frequency stability 
of one part In 10®. The klystron output is fed through a tuner and a waveguide Iso¬ 
lator to the E arm of the magic T. This energy is split between arms 1 and 2. The 
reflected energy received by the antenna is split between the E arm and the H arm. 
The isolator in the transmitter line prevents this received energy from reaching 
the transmitter system. The received energy from the H arm is fed through a 
tuner, an isolator, a precision attenuator, and to the mixer. A portion of the 
transmitter energy is taken out via a directional coupler and fed through an atten¬ 
uator and a slotted line (used as a phase shifter) to the receive system. This 
energy is adjusted in amplitude and phase such that it cancels the undesired back¬ 
ground reflections entering the receive system through the antenna. This yields a 
null condition and hence facilitates very accurate target measurements. 
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The monostatlc system Is Initially tuned as follows: 

(1) The background cancelling network Is disconnected. 

(2) The variable attenuator connected to the antenna Is set for maximum 
attenuation. 

(3) The receiver and a V8WR Indicator are connected to the mixer on arm 
1 of the magic T. 

(4) The tuner In the transmit line and the tuner connected to arm 1 of the T 

are adjusted for a maximum on the V8WR Indicator. (The attenuation 

was Inserted In the antenna arm to minimise the effect of a mismatch at 

the horn, on the matching of theE arm and arm 1.) 

% 

(5) The attenuator connected to arm 1 Is set for maximum attenuation to 
minimize reflections from the mixer. 

w ■* 

(6) A detector Is placed in the vicinity of the target mount. 

(7) The attenuator In the antenna arm is set for minimum attenuation. 

(8) The tuner In the antenna arm Is adjusted for a maximum at the target 
position (this matches arm 2 and the antenna). 

(9) The receiver and VSWR Indicator are connected to the mixer In the re* 
ceive line. 

(10) A scattering device Is placed on the target mount. 

(11) The tuner on the H arm is adjusted for a maximum indication on the 
VSWR indicator. 

This procedure was repeated several times to achieve a good match at each 
of the four ports of the magic T. 


45 


The background cancelling network was then connected and adjusted (or a 
minimum on the recorder with no target on the mount. This tuning was repeated 
as required throughout the measurement effort. Figure 40 is a photograph of 
several of the spiral elements and the corner reflector reference targets as well 
as the receiver and recorder system. 

c. Measurement Procedure. After the system was properly tuned and checked 
out, the following procedure was followed to obtain the data patterns: 

(1) With the target mount in position (no target), the background cancelling 
network was adjusted for a null. 

(2) The background return was then recorded as the empty mount was ro¬ 
tated. 

(3) A reference target (dihedral corner reflector) was positioned on the 
mount and its return (±36 degrees from the peak) was recorded. 

(4) With the reference positioned for peak return, i. e., normal incidence, 
calibration levels were recorded using the precision attenuator in the 
receive line (this records the system linearity). 

(5) The element under test was positioned on the mount and its scattering 
pattern (±120°) was recorded. 

(6) The target was removed and the background return was again recorded. 

The reference target used was a dihedral corner reflector with a 1.5 x 1.5 
inch aperture. A double reflection reference was required to illuminate and detect 
the return using a single or "same sense" antenna with circular polarization. 

Since the aperture dimensions are less than a wave length, the absolute radar 
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Table 11. Reference Target Power Ratio 


Corner 

Reflector 41 

Measured (db) 

r - ^_ 

Calculated (db) 


7.05 

6.00 

5 

17.04 

15.80 

*6/*1.5 

24.09 

21.80 


*The subscripts refer to the aperture dimension. 


cross section (a in units of area) is not known; i.e., the standard equation for the 
radar cross section of a dihedral is valid only if the dimensions are large with re¬ 
spect to X. In an effort to determine the absolute radar cross section for the re¬ 
ference used, two larger dihedral corner reflectors were also measured. The 
relative difference between the three corner reflectors as measured and as cal¬ 
culated using a = 8ir a^bfyx 2 for each is given in Table 11. 

If it can be assumed that the 6-inch dimension, i. e., * 2.5A, is large 
enough for the radar cross-section equation to be valid, it appears that the actual 
radar cross section of the small corner reflector is 18.9 square inches or 3.42X2. 
This is computed using the difference between the calculated ratio of the large to 
the small and the measured ratio between the large and the small corner reflectors. 
This difference is approximately 2.3 db. 

In all reference target measurements, the corner reflectors were mounted 

such that the bend is normal to the axis of rotation. In this position, the pattern 

in the vertical plane is considerably broader and hence the mounting position is 
much less critical. 
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d. Measurement Results. To determine the optimum element orientation and 


the optimum backing, several preliminary experiments were conducted. Two cup 
reflectors (each A/4 deep) were used in addition to a plane disk-shaped back and 
no reflector backing. The two cups were 1.31 and 1.47 inches in diameter. The 
smaller cup was the original design; however, since its circumference was very 
nearly 2 A, the larger size was also fabricated to determine the possible resonant 
ring effect. Three elements (open, short, and A/8 stub) were measured with each 
of these four backing configurations and in each of three orientation positions. 
These three positions were such that (1) the line joining the terminals of the spiral 
was parallel to the axis of rotation, (2) the line was oriented normal to the axis of 
rotation, and (3) the line was oriented at 45 degrees to the axis of rotation. The 
results of these experiments are given in Tables 12 through 15. In each case, the 
3-, 10-, and 13-db beamwidths are given as well as the peak gain relative to the 
peak of the reference target. 

Table 12. Pattern Data of Spiral Mounted on Foam - No Reflector Backing 


Element Configuration 


Beamwidth 
and Gain 
(db) 

Short 

Open 

A/8 Stub 



M 


<1 


M 

v^7 

® 

m 

3 

60 

55 

52 

46 

59 

40 

El 

57 

54 

10 

113 

97 

106 

82 

107 

71 


101 

98 

13 

129 

109 

139 

91 

124 

80 


116 

113 

Gain 

-4.3 

-3.7 

-4.2 

-5.1 

-4.8 

-5.0 

Bn 

-4.0 

-4.5 
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Table 13. Pattern Data of Spiral Mounted on Small Cup 


Element Configuration 


Beam width 
and Gain 
(db) 

Short 

Open 

A /8 Stub 





® 

M 

m 


m 

3 

56 

D 


54 

68 

48 

57 

64 


10 

114 


H 

113 

126 

95 

117 

112 


13 

138 

IS 

108 

144 

183 

115 

150 

129 

BJH 

Gain 

+0.8 

+0.9 

+0.8 

-1.6 

-2.6 

-2.5 

-1.2 

-1.8 

KB 


Table 14. Pattern Data of Spiral Mounted on Large Cup 


Element Configuration 


Beamdwidth 
and Gain 
(db) 

Short 

Open 

A/8 Stub 

m 

n 

m 

m 

§ 

m 


§ 


mm 

1 md 

A- 

3 

55 

55 

47 

55 

57 

43 

60 

53 

51 

10 

111 

105 

93 

123 

130 

85 

130 

101 

109 

13 

133 

142 

107 

157 

226 

98 

169 

171 

134 

Gain 

+1.3 

+1.6 

+1. 5 

-0.5 

-1.2 

-0.5 

-0.2 

-0.5 

0.0 


Table 15. Pattern Data of Spiral Mounted on Plane Disk Reflector 


Element Configuration 


Beamwidth 
and Gain 
(db) 

Short 

Open 

A/8 Stub 

m 

<t 

m 

vaH? 

1 

1 


\\27 

§ 

m 

3 

50 

50 

51 

47 

50 

48 

m 

53 

56 

10 

96 

89 

90 

84 

93 

82 

■ 

91 

97 

13 

110 

101 

100 

94 

106 

89 


104 

108 

Gain 

+2.5 

+3.0 

+2.5 

+2.7 

+2.6 

+2.0 


+1.0 

+1.0 
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The following conclusions were drawn from the data In Tables 12 through 15. 

(1) The smaller cup will be used for all future testing, dnco there is no 
apparent detrimental effect of the 2 X circumference and since it exhi¬ 
bited the larger 3-db beamwidth. 

(2) The spiral will be oriented with the line between the terminals parallel 
to the axis of rotation. This is a somewhat arbitrary choice; however, 
this orientation did, in most cases, exhibit the higher gain relative to 
the reference. 

Each of seven spiral terminations was measured monostatlcally and at 15, 
30, 45, and 60 degrees bistatic. The seven termination configurations were as 
follows: short, open, A/16 stub, 3A/32 stub, A/8 stub, 5A/32 stub, and 3 A/18 
stub. 


The data has been reduced and is given in Tables 16 through 20. The re¬ 
turn relative to the reference target peak is given in four-degree increments for 
each element at each bistatic angle. 

In all cases, the peak target return and the peak of the reference target 
were >35 db above the average recorded background level. For this reason, the 
possible uncertainty due to background of any peak level is ±0.2 db. The absolute 
radar cross section of the target peak could then be in error by 

± [(0.2) 2 + (0.2) 2 ] 1/2 = ±0.28 

due to background effects on both the target and reference, using the root-sum- 
square method of computing the combined errors. This assumes that the errors 
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Table 16. Monostatic Return* of Single-Spiral Antenna 


Asoect 

Element Configuration 


Angle 

(degrees) 

Short 

Open 

X/16 

Stub 

3A/32 

Stub 

A/8 

Stub 

5A/32 

Stub 

3 A/16 
Stub 

0 

+1.5 

-2.2 

-0.1 

-1.0 

-1.2 ! 

-3.0 

-1.4 

4 

+1.5 

-2.3 

-0.2 

-1.1 

-1.3 

-3.1 

-1.5 

8 

+1.3 

-2.4 

-0.4 

-1.4 

-1.4 

-3.4 

-1.6 

12 

+0.9 

-2.6 

-0.7 

-1.7 

-1.8 

-3.8 

-1.9 

16 

+0.5 

-3.0 

-1.1 

-2.0 

-2.1 

-4.4 

-2.4 

20 

-0.1 

-3.4 

-1.7 

-2.6 

-2.8 

-5.2 

-2.9 

24 

-0.7 

-3.9 

-2.3 

-3.2 

-3.4 

-6.0 

-3.5 

28 

-1.4 

-4.5 

-3.0 

-3.8 

-4.1 


-4.2 

32 

-2.3 

-5.2 

-3.8 

-4.6 


-8.0 

-4.9 

36 

-3.0 

-6.0 

-4.8 

-5.3 

-5.9 

-9.1 

-5.8 

40 



-5.8 

-6.4 

ji 

-10.4 

-6.8 

44 

-5.1 

-8.1 

-6.9 

-7.5 

-8.4 

-11.9 

-8.0 

48 

-6.4 

-9.1 

-8.2 

-8.8 

-9.7 

-13.4 

-9.3 

52 

-7.8 

9 ['JV'fl 

-9.8 

BUI?-. 

-11.2 

-15.2 

-10.9 

56 

-8.8 

-11.5 

-11.1 

-11.8 

-12.9 

-16.8 

-12.3 

60 

-10.6 

-12.5 

-12.8 

TFU ( 

-14.4 

-18.4 

-13.8 

64 

-11.9 

-13.4 

-14.2 

-14.3 

-15.5 

-19.1 

-15.0 

68 

-13.1 

BYKil 

-15.4 

-15.4 

-16.3 

-19.0 

-16.0 

72 

-14.0 

-14.3 

-16.3 

-15.9 

-16.5 

-18.2 

-16.5 

76 

-14.7 

-14.8 

-16.8 

-16.1 

-16.5 

-17.2 

-16.6 

80 

-15.0 

-15.0 

-17.0 

-16.1 

-16.4 

-16.4 

-16.6 

84 

-15.5 

-15.2 

-17.2 

-16.2 

-16.4 

-15.7 

-16.6 

88 

-15.9 

-15.6 

-17.4 

-16.4 

-16.5 

-15.0 

-16.7 

92 

-16.3 

-15.9 

-17.8 

-16.6 

-16.8 

-14.4 

-16.9 

96 

-16.9 

-16.3 

-18.1 

-16.9 

-17.2 

-14.1 

-17.2 

100 

-17.7 

-17.1 

-18.9 

-17.5 

-17.7 

-14.0 

-17.7 

104 

-18.8 


-19.7 

-18.4 

-18.5 

-14.1 

-18. 5 

108 

-20.0 

-18.8 

-20.6 

-19.4 

-19.5 

-14.4 

-19.5 

112 

-21.5 


-21.6 



-15.0 

-20.8 

116 

-23.1 

E5V i 

-22.4 

-21.8 


-15.9 

-21.9 

120 

-24.0 

-21.0 

-22.5 

-22.7 

-22.7 

-16.8 

-22.8 


♦Return relative to 1.5" x 1.5” corner reflector. 
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Table 17. 15-Degree Bistatic Return* of Single-Spiral Antenna 


Aspect 

Angle 

(degrees) 

Element Configuri 

ition 

Short 

Open 

A/16 

Stub 

3A/32 

Stub 

A/8 

Stub 

5V32 

Stub 

3A/16 

Stub 

0 

+1.0 

-2.6 

-0.9 

-1.7 

-1.8 

-2.2 

-2.8 

4 

+1.0 

-2.6 

-0.9 

-1.7 

-1.9 

-2.3 

-2.9 

8 

+0.7 

-2.8 

-1.0 

-1.9 


-2.5 

-3.2 

12 

+0.4 

-3.1 

-1.3 

-2.2 


-2.7 

-3.5 

16 

-0.1 

-3.5 

-1.7 

-2.5 

-2.6 

-3.1 

-3.9 

20 

-0.7 

-3.9 

-2.1 

-2.9 

-3.1 

-3.6 

-4.4 

24 

-1.4 

-4.4 

-2.6 

-3.4 


-4.3 

-5.1 

28 

-2.1 

-5.1 

-3.2 

-4.0 


■ 3JH 

-5.8 

32 

-2.8 

-5.8 

-3.9 

-4.8 


-5.8 

-6.6 

36 

-3.7 

-6.6 

-4.7 

-5.6 

-6.2 

-6.8 

-7.5 

40 

-4.7 

-7.5 

-5.6 

-6.6 

-7.2 

-7.8 

-8.6 

44 

-6.0 

-8.6 

-6.7 

-7.8 

-8.4 

-9.1 

-9.9 

48 

-7.2 

-9.8 

-8.0 

-9.0 

-9.8 

-10.7 

-11.4 

52 

-8.7 

-11.2 

-9.5 

-10.6 

-11.5 

-12.3 

-13.0 

56 

-10.6 

-12.7 

-11.1 

-12.2 

-13.2 

-14.2 

-14.6 

60 

-12.4 

-14.3 

-12.9 

-14.2 

-15.1 

-16.6 

-16.1 

64 

-14.3 

-16.0 

-14.8 

-16.3 

-17.0 

-19.0 

-17.1 

68 

-16.3 

-17.3 

-16.5 

•18.2 

-18.5 

-21.2 

-17.4 

72 

-17.6 

-18.0 

-17.7 

-19.7 

-19.3 

-22.4 

-17.1 

76 

-18.3 

-18.1 

-18.3 

-20.3 

-19.2 

-22.2 

-16.4 

80 

-18.3 

-18.0 

-18.3 

-20.2 

-18.7 

-21.4 

-15.7 

84 

-18.1 

-17.7 

-18.0 

-19.7 

-18.3 

-20.5 

-15.0 

88 

-18.0 

-17.6 

-17.9 

-19.4 

-18.1 

-20.0 

-14.5 

92 

-18.0 

-17.6 

-17.9 

-19.3 

-18.1 

-20.0 

-14.2 

96 

-18.2 

-17.7 

-18.0 

-19.4 

-18.2 

-20.1 

-14.2 

100 

-18.7 

-18.0 

-18.3 

-19.7 

-18.6 

-20.6 

-14.3 

104 

-19.6 

-18.7 

-19.2 

-20.4 

-19.4 

-21.5 

-14.8 

108 

-20.7 


-20.3 

-21.5 

-20.6 

-22.9 

-15.8 

112 

-22.6 

BQ 

-22.0 

-23.0 

-22.2 

-25.0 

-17.0 

116 

-25.1 


-24.2 

-25.2 

-24.2 

-27.2 

-18.9 

120 

-27.9 

-26.0 

-26.7 

-27.2 

-26.6 

-28.6 

-22.0 


♦Return relative to 1.5” x 1.5" corner reflector 
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Table 18. 30-Degree Bistatic Return* of Single-Spiral Antenna 



♦Return relative to 1.5” x 1.5" corner reflector. 
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Table 19. 45-Degree Blstatlc Return* of Single-Spiral Antenna 


Aspect 

Angle 

(degrees) 

Element Configuration 

Short 

Open 

m 

iron 

l 

A/8 

Stub : 

5A/32 

Stub 

3V16 

Stub 

0 


-3.1 

-1.5 

-2.3 

-2.2 

-2.7 

-3.2 

4 

*• Eil 

-3.1 

-1.5 

-2.4 

-2.3 

-2.7 

-3.3 

8 

-0.6 

-3.3 

-1.7 

-2.5 

-2.4 

-2.8 

-3.4 

12 

-0.9 

-3.5 

-1.9 

-2.6 

-2.7 

-3.1 

-3.6 

16 

-1.3 

-3.8 

-2.2 

-2.8 

-3.0 

-3.4 

-4.0 

20 

" BffW 

-4.1 

-2.5 

-3.2 

-3.4 

-3.8 

-4.4 

24 

MU 

-4.6 

-3.0 

-3.5 

-3.8 

-4.3 

-4.9 

28 


-5.2 

-3.5 


-4.5 

-4.9 

-5.5 

32 


-5.9 

-4.1 

-4.5 

-5.0 

-5.7 

-6.3 

36 

: ffHi 

-6.5 

-5.0 

-5.2 

-5.8 

-6.5 

-7.0 

40 

-5.1 

-7.3 

-5.8 

-6.1 

-6.7 

-7.3 

-7.8 

44 

-6.2 

-8.4 

-6.8 

ll. 

-7.7 

-8.3 

-8.8 

48 

-7.3 

-9.5 

-8.0 

-8.1 

-8.8 

-9.5 

-10.0 

52 

-8.7 

-10.8 

-9.3 

-9.3 


-10.8 

-11.4 

56 

-10.5 

-12.3 

-10.7 

-10.7 

-11.8 

-12.3 

-12.7 

60 

-11.9 

-13.8 

-12.3 

-12.2 

-13.3 

-14.0 

-14.2 

64 

-13.8 

-15.7 

-14.0 

-13.8 

-15.2 

-15.9 

-15.8 

68 

-15.9 

-17.5 

-16.0 

-15.3 

-17.1 

-17.9 

-17.3 

72 

-17.8 

-19.5 

-13.0 

-16.9 

-19.1 

-19.9 

-18.9 

76 

-19.7 

-21.1 

-20.0 

-18.2 


-21.9 

-20.3 

80 

-20.5 

-22.7 

-21.9 

-19.6 

-22.7 

-23.5 

-21.6 

84 

-22.9 

-23.7 

-23.3 

-20.5 

-23.7 

-24.6 

-22.4 

88 

-24.0 

-24.5 

-24.4 

-21.1 

-24.4 

-25.2 

-22.8 

92 

-25.2 

-25.1 

-25.1 

-21.8 

-25.0 

-25.6 

-22.7 

96 

-26.2 

-25.9 

-25.8 

-22.4 

-25.5 

-26.0 

-22.3 

100 

-27.7 

-27.0 

-26.6 

-23.2 

-26.1 

-26.8 

-21.9 

104 

-29.2 

-28.2 

-27.7 

-24.2 

-26.8 

-27.8 

-21.7 

108 

-30.3 

-29.7 

-29.0 

-25.5 

-27.5 

-28.2 

-21.8 

112 

-29.8 

-29.7 

-29.3 

-26.9 

-27.6 

-28.3 

-22.3 

116 

-27.2 

-27.7 

-28.0 

-27.1 

-26.6 

-26.8 

-23.5 

120 

-24.4 

-25.6 

-25.5 

-25.8 

-25.0 

-24.8 

-25.3 


♦Return relative to 1.5" x 1.5” corner reflector. 
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Table 20. 60-Degree Bistatic Return* of Single-Spiral Antenna 


■■ I- 

Angle 

(degrees) 

Short 

Open 

m 

"3X732 

Stub 

m 

mm 

3X/16 

Stub 

0 

-0.5 

-3.2 

-1.7 

-2.3 

-2.4 

-2.8 

-3.3 

4 

-0.6 

-3.3 

-1.8 

-2.4 

-2.5 

-2.9 

-3.4 

8 


-3.4 

-1.9 

-2.6 

-2.6 

-3.0 

-3.5 

12 

-1.0 

-3.6 

-2.0 

-2.7 

-2.8 

-3.3 

-3.7 

16 

-1.3 

, HiJ i 

-2.2 

-3.0 

-3.2 

-3.6 

-4.0 

20 


-4.5 

-2.7 

-3.3 

-3.6 

Ki] 

-4.5 

24 


-4.8 

-3.1 

-3.7 

-4.1 

-4.6 

-5.0 

28 


-5.4 

-3.6 

-3.5 

-4.8 

■ ESI 

-5.6 

32 


-5.9 

-4.2 

-4.8 

-5.3 

BH 

-6.2 

36 


-6.7 

-5.0 

-5.6 

-6.0 

-6.3 

-6.9 

40 

-4.9 

-7.5 

-5.7 

-6.3 

-6.9 

-7.1 

-7.7 

44 

-5.7 

-8.5 

-6.5 

-7.2 

-7.9 

-8.1 

-8.7 

48 

-6.8 

-9.6 

-7.6 

-8.3 

-9.0 

-9.2 

-9.9 

52 

-8.0 

-10.8 

-8.7 

-9.5 

-10.2 

-10.4 

-10.9 

56 

-9.5 

-12.3 

-9.9 

-10.7 

-11.6 

-11.8 

-12.0 

60 

-10.9 

-13.9 

-11.2 

-12.0 

-13.0 

-13.2 

-13.0 

64 

-12.6 

-15.8 

-12.8 

-13.6 

-14.7 

-15.1 

-14.0 

68 

-14.4 

-17.6 

-14.5 

-15.2 

-16.5 

-17,0 

-15.1 

72 

-16.4 

-19.7 

-16.2 

-17.0 

-17.3 

-18.9 

-15.8 

76 

-18.4 

-21.8 

-18.0 

-18.8 

-20.1 

-20.9 

-16.4 

80 

-20.2 

-24.0 

-19.7 

-20.5 

-21.8 

-22.5 

-17.1 

84 

-21.8 

-25.8 

-20.8 

-22.0 

-23.2 

-23.9 

-17.7 

88 

-22.7 

-27.2 

-21.7 

-23.2 

-24.3 

-24.8 

-18.4 

92 

-23.1 

-27.6 

-22.1 

-24.0 

-25.0 

-24.9 

-19.3 

96 

-23.1 

-27.2 

-22.2 

-24.3 

-25.1 

-24.8 

-20.1 

100 

-22.8 

-26.3 

-22.1 

-24.1 

-24.7 

-24.1 

-21.0 

104 

-22.2 

-24.8 

-21.7 

-23.6 

-24.0 

-23.2 

-21.7 

108 

-21.3 

-23.1 

-21.1 

-22.6 

-23.0 

-22.2 

-22.3 

112 

-20.3 

-21.7 

-20.3 

-22.6 

-21.7 

-21.0 

-22.7 

116 

-19.2 

-20.1 

-19.4 

-20.3 

-20.3 

-19.7 

-22.7 

120 

-18.0 

-18.7 

-18.3 

-19.0 

-19.1 

-17.5 

-22.1 


♦Return relative to 1.5" x 1. 5" corner reflector. 
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are independent. The overall accuracy figure for each measurement (peak) would 
be the root* sum-square combination of the above plus the possible error due to 
the equipment etc. 

A reasonable figure for the instrumentation is <±0.5 db. The total error on 
any peak value for a is 

A* = ± [(0.28) 2 + (0.5) 2 ] 1/2 = ±0.6 db. 

The total error obviously increases for levels lower than the peak. However, 
as long as the return is no more than 10 db below the peak, the error due to back¬ 
ground is better than 

± [(0.2) 2 + (0. 5) 2 ] 1/2 = ±0. 54 db, 

which when combined with the equipment accuracy, yields an overall possible ac¬ 
curacy of 

_ j/2 

A<t = ± [(0.54) 2 + (0. 5) 2 ] = < ±0.74 db. 

4. Data Analysis 


a. General. The equation, 


a = 


Ae^ + B ”2 


Z * . Z ( 


a ~*—^e 


was examined in an effort to separate the load dependent coefficient, A, from the 
load independent coefficient, B, of the single-spiral element. It had been originally 
hypothesized that the interference between the two quantities as a function of shorting 
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position followed a simple function such as a sine curve. In this case, only three 
scattering measurements would have been necessary to determine the coefficients. 
From this examination, it was established that vector addition of the two quantities 
is not such a simple function and five measurements are necessary to be able to 
determine A and B along with the unknown parameters, y (the phase between A and 
B), R a ,and X a . As a result, several spiral antennas with different terminations 
were fabricated and tested before the initial attempt to solve for the five unknowns 
was found to be unsuccessful. The data from these measurements are shown in 
Tables 16 through 20. However, it was found that the two coefficients, A and B, 
can be determined from a pair of equations if absolute maximum and absolute mini¬ 
mum radar cross sections are measured. The derivation of these two equations is 
presented in the following paragraphs. 

b. Load Dependent and Independent Coefficients. The measured radar cross 
section of an antenna with a reactive load can be expressed as 

a = | Ae Jy + Br| 2 

where 



A minimum return results when q ■ ir + y. Then 

2 2 
<T X (0,0) = [a (0,0)] - 2 [a (0,«)][b (0,0)] + [b (0,0)] . 

A maximum return results when rj = y • Then 

ff„(0,0) = [a<0,0)] 2 + 2 £a (0,0)][b (0,0)] + [b (0,0)] 2 . 
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Adding the above equations, 


o x (6,0) + a n (8,0) = 2[a (d,0)] 2 + 2 [b (8,0)] 2 . 


Subtracting the same equations, 


Ox (».«) - o n (0,0) = - 4 [a (0,0)] [b<0,0)]. 


Then substituting for 


[a<0,0)] ! 


gives 


or 


16 £b (6,0)] -8[b( 8,0)] [a x (8,0) + <r n (8,0 )]+[<t x (6,0) - a n (8,0)] = 0. 


Therefore, 


[b (8,0)] = 18 £<7 X (8,0) + o n (8,0)] 


^64 [<t x ( 8,0) + <r n (8,0)] 2 - 64[a x ($,0) - <r n (6,0)] 2 j^ 32 
O.25[j x (8,0)+a n (8,0)]± 0.5 \ ja x (6,0) <y n (6,0) . 


Similarly, 


[a (0 ,0)] 2 = O.25[<7 X (0,0) + <70(8,0)]? 0. 5 Ja x (6,0) a n (0, 0) . 


c. Relative Magnitude of Coefficients. The relative magnitudes of A and B are 
indistinguishable in their solution from the open and short circuit radar cross- 
section equations. The relative magnitude of these quantities can be established by 
computing A 2 max /B 2 , which results from comparing the maximum load independent 
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radar cross section that can be obtained from the cup reflector (ignoring polariza 
tlou) to the load dependent radar cross section of Just the spiral antenna. 

The maximum load independent radar cross section, o c , (ignoring polariza¬ 
tion effects) that can be obtained from the cup reflector is 

»c * -j*f- (»r 2 ) 2 

where 

K = wave length, 
r = radius of the cup. 

As indicated in Reference 15, the load dependent radar cross section of the 
spiral antenna, < 74 , can be expressed as 

= Ac G 

where 

A e = effective aperture of the antenna, 
r = target reflection coefficient, 
lrl= l, for a short termination, 

G = gain of the antenna, 

The maximum effective aperture, Ae m , Is related to the directivity, D, in 
Reference 16 by the equation 



where 

A e = oA em , 
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o » effectiveness ratio. 


Since 


G = oD, 


then 





and 


The ratio of A 2 max /B 2 then becomes 

A max °c 4x (nr 2 )^/A 2 _ 

B 2 ~ °d A 2 G 2 /4w " [ GX Z J 


A spiral antenna has a gain of approximately 5 db. For r - 0.656 Inch, 
G * 5 db = 3.162, and A = 2.347 inch, 


max 

B 2 


4(3.1416) 2 (0.656 in.) 2 
3.162 (2.347 in. ) 2 . 


2 

= 0.951 = 


-0.2 db. 


This is the maximum ratio of flat plate return to the spiral antenna return. The 
actual ratio for the spiral-cup combination is expected to be much less than this 
number. 


The measured results indicated that aVb 2 is either approximately +13. 5 db 
or -13. 5 db. In order for A 2 /B 2 to be +13. 5 db, G would have to be less than -1.8 

db to satisfy the maximum ratio equation of A 2 max /B 2 . Since this is not very 

• *» 

likely, it appears that A 2 /B 2 = -13.5 db and that B^ >> A 2 . 
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d. Calcul ated Results. The results of the numerical evaluation of A and B for 
the open and shorted terminals of the planer spiral antenna are plotted in Figures 
41 through 45. Although A and B were calculated using this set of terminals, a 
precise computation of these coefficients requires that these calculations be per¬ 
formed for a set of terminals where the open and short circuited return is an ab¬ 
solute minimum and maximum. Even though many configurations with different 
shorted terminations were measured, it is not possible to state that the absolute 
minimum and maximum scattering has been measured. Only by additional mea¬ 
surements of various configurations can the true minimum and maximum be estab¬ 
lished and precise A and B values be computed. 

A summary of the peak measurement results is shown in Table 21. 


Table 21. Peak Single-Spiral Return Relative to Reference Target 


Termination 

Monostatic 

Bistatic 

Trial 1 

Trial 2 

Trial 3 

15° 

30° 

45° 

o 

o 

<£> 

Short circuit 

+1.2 

+1.4 

+1.5 

+1.0 

+0.4 

m 

-0.5 

Open circuit 

-2.3 

-2.2 

-2.2 

-2.6 

-2.8 

-3.1 

-3.2 

A/16 stub 

-0.3 

-0.8 

-0.1 

-0.9 

-1.1 

-1.5 

-1.7 

3X/32 stub 

-- 

-- 

-1.0 

-1.7 

-1.9 

-2.3 

-2.3 

A/8 stub 

-1.5 

-1.3 

-1.2 

-1.8 

-2.0 

-2.2 

-2.4 

5 A/32 stub 

-- 

-- 

-3.0 

-2.2 

-2.3 

-2.7 

-2.8 

3 A/16 stub 

-2.5 

-2.3 

-1.4 

-2.8 

-3.0 

-3.2 

-3.3 
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With the exception of trial 3, the 5A/32 shorting stub consistently had a radar 
cross section that is at least 0.4 db greater than the corresponding open circuit 
termination that was used in the data reduction. With the exception of trial 3, only 
the 3A/16 shorting stub of the six shorting positions consistently had a slightly 
lower radar cross section (£0.2 db) than the corresponding open circuit termina¬ 
tion This indicates that the data reduction termination might be near the position 
of an absolute minimum radar cross section. 

5. Conclusions 

The additional scattering measurements over those for the original open cir¬ 
cuited element, a short circuited element, and an element shorted A/8 behind the 
antenna terminals, resulted from the conclusion that if the absolute maximum and 
minimum return is not obtained from these measurements, the load dependent co¬ 
efficient,B, and load independent coefficient, A, cannot be determined from mea¬ 
surements of only three configurations. Although in theory it is possible to solve 
for any number of unknowns from a corresponding set of simultaneous equations, 
the solution of a set of nonlinear equations is not always practical. Because of the 
complexity of the equations, it appeared more desirable to calculate A and B under 
the assumption that an absolute maximum and minimum radar cross-section mea¬ 
surement was obtained. The open and short circuit radar cross section of the 
antenna terminals was chosen for this calculation. However, only by additional 
measurements of various shorting terminations can the absolute maximum and 
minimum radar cross section be established and precise A and B values be ob¬ 
tained. The results of this effort indicated that the load dependent scattering of 
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the spiral antenna was far more significant than the load independent scattering. 


E. RF EVALUATION OF SPIRAL ARRAYS 

1 . General 

The primary effort during this portion of the program was concentrated on 
the following: 

(1) Obtaining monostatic and bistatic scattering measurements of arrayed 
spiral antennas for different antenna spacings and reflecting surfaces. 

(2) Establishing whether the single-port antenna scattering analysis can be 
adapted to arrayed antennas. 

(3) Arriving at a method for computing the five unknown antenna parameters, 
A, B, y, R a , and X a , under the assumption that the load impedance of 
the antenna is known. 

2. Model Description 

The spiral array models and the terminations that were used for the reflect¬ 
ivity measurements and analysis are presented In Table 22. 

The individual spiral antenna characteristics that were used in the array 
were discussed earlier. The antenna array models for the free-space reflectivity 
range tests were three feet square. For ease in construction, the array panels were 
made in four 18-inch-square pieces that were spliced together. After assembly, 
the three-foot-square panels were within 0.22 of a wave length from a true plane 
surface. Figure 46 shows the dimensions of three panel configurations. The 0.75A 
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Table 22. Arrayed Antenna Elements Used In RF Tests 


Models 

Bist at it* 
Angle 
(degrees) 

Spiral Termination 

OC 

wm 

on 

A/16 

3 A/16 

Panel 

No. 

Panel 

No. 

Panel 

No. 


Panel 

No. 

1 . Small Cups (1.312" Dial 

0 

A 

B 

C 

L 

N 

0.75A Spacing 



B 




Terminals Vertical 

60 


B 




2. Small Cups (1.312" Dial 

0 


D 




1A Spacing 

30 


D 




Terminals Vertical 

60 


D 




3. Small Cups (1.312" Dial 

0 

E 

F 

G 

M 

O 

1.25A Spacing 

30 


F 




Terminals Vertical 

60 


F 




4. Plane Reflector 

0 

H 

I 

J 

K 

P 

0.75A Spacing 

30 


I 




Terminals Vertical 

60 


I 





Note: SC = short circuit. OC = open circuit. A = wave length (2. 348”). 


spacing arrays contained -100 elements that were spaced 1.761 inches from center 
to center. The 1A spacing array contained 225 elements that were spaced 2.348 
Inches from center to center. The 1.25A spacing arrays contained 144 elements 
that were spaced 2.935 inches from center to center. 

Cross-sectional views of the spiral antenna reflecting surfaces are shown In 
Figure 47. Figure 48 shows the shorting strip tolerances. 

3. Measurements 

a. General. The measured data that was acquired consisted of scattering 
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patterns of arrays of spiral elements with various shorting configurations attached 
to the terminals. 

b. Measurement Facilities. All array measurements were made on a 200-foot 
range with an asphalt surface. The monostatic measurements were made with a 
single circularly polarized 52-inch parabolic dish. The bistatic measurements 
were made with two circularly polarized 52-inch parabolic dishes. The 200-foot- 
range length satisfied the far-flcld criteria of 2Dfyx. Figure 40 shows the mono- 
static reflectivity range that was used for the array measurements. The small 
azimuth rotator was fitted with a specially designed foam support column. By 
judicious use of absorber material, the return from the rotator and a Rexollte 
support stud embedded in the top of the foam column was minimized. 

The equipment block diagram is shown in Figure 50. The portion enclosed 
by dashed lines is used only for monostatic operation. The dotted lines indicate 
bistatic operation. The operation and tuning procedure for the monostatic and 
bistatlc systems was covered earlier. 

c. Measurement Procedure. After the system was properly tuned and checked 
out. the following procedure was followed to obtain the data patterns: 

(1) With the target mount in position (no target), the background cancelling 
network was adjusted for a null. 

(2) The background return was then recorded as the empty mount was ro¬ 
tated. 

(3) A reference target (right-angle corner reflector) was positioned on the 
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mount, and Its return (±30 degrees from the peak) was recorded. 

(4) If the reference level was greater than the panel lovel under test, the 
calibration levels were recorded with the reference target positioned 
for peak return, using the precision attenuator In the receive line. 

(5) The array panel was then positioned on the mount. The returned signal 
was peaked In elevation and recorded In azimuth (±30 degrees and then 
±180 degrees). 

(6) The target was then removed, and the background return was recorded. 

If the nulled background return had changed significantly, the entire 
series of measurements would be repeated. 

The reference target used was a 24 x 24 inch aperture right-angle dihedral 
corner reflector. This reference was used so that the back-scatter patterns from 
one panel to the next could be compared In addition to determining the radar cross 
section of each array. 

d. Measurement Results 

(1) Monostatic Results. Back-scatter measurements were made on several 
spiral antenna arrays with three different spacings between individual elements and 
with various shorting configurations for each array, as outlined in Table 8. 

As seen in Figure 51, the arrays with the 0.75A spacing between elements 
had more return than the arrays with 1.00X and 1.25 A spacing. However, the side- 
lobe levels for the 0.75A spacing vere high, and in most cases, turned into coma 
lobes (see Figure 52). Table 23 gives the relative return of the peak and the side- 
lobe levels for each panel. 
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Table 23. Three-Foot-Square Array Pattern Data - I 


Panel 

No. 

! Peak Level 
with Ref* 
(db) 

Back- 

Ground 

3-DB 

Beamwidth 

(degrees) 

Posi¬ 

tion 


1 st 

2 nd 

3rd 

4t) 





(+) 

mn 

Sh! 


23, 

A 

♦ 1.8 

41.9 

1.8 

Avg 

ESI 

Era 


22 , 





(-) 

KB 

EB 

20.1 

21 , 





(♦) 

6.5 

SEEK 

16.5 

m 

B 

42.8 

34.0 

1.8 

Avg 

6.9 

B3S: 

19.4 

:ta 





(-) 

7.2 

12.6 

22.2 

20 , 





<+) 


m 

21.2 

19, 

C 

42.4 

37.0 

mwm 

Avg 

■*i 

ESI 

21.6 

19. 





(-) 

msm 

ESI 

21.9 

19. 





(+) 



Egff 

IB 

D 

-3.0 

37.0 

1.9 

Avg 



(ESI: 






(-) 

!' •Q | 

20.5 

24.7 

20 . 





<+) 

8.1 

fTff 

sas 

18. 

E 

-8.4 

31.6 

1.8 

Avg 

8.0 


in 

22 . 





(-) 

7.8 

EB 

16.4 

26. 





(+) 

8.2 

mm 

KB 

18. 

F 

-10.3 

46.0 

1.7 

Avg 

8.6 

Era 

Era 

18. 





(-) 

9.0 

eb 

EH 

17. 





(+) 

8.4 

iii i 


21 . 

G 

-7.6 

27.4 

1.7 

Avg 

8.6 

Elfl 


19. 





(-) 

8.8 

11.7 

21.4 

18. 





(+) 

6.3 

flfi 

KB 

25. 

H 

41.6 

36.0 

2.2 

Avg 

6.4 

Bml 

ESI 

23. 





(-) 

6.5 

15.6 

17.7 

20 . 





(+) 


SSI 

wm 

18. 

I 

40.1 

32.3 

2.2 

Avg 

i Kfl 

Km 


19. 





(-) 

HI 

Eb 

Eb 

20 . 


♦Reference is 24 M x 24" aperture dihedral corner reflector. 

♦♦-sign refers to right side of pattern; + sign refers to left side of pattern. 

Notes: (1) Side-lobe levels and background are in db down from the peak retur 
(2) See Figure 52. 
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Pattern Data - Monostatic Return (5030 MC, Circular Polarization) 


Return - Side Lobes 



3rd 

4th 

5th 

6 th 

7th 

8 th 

9th 

10 th 

Uth 

12 th 

13th 

1 


23.7 

23.2 

23.7 

eh 

22.7 

28.8 

23.3 

139 



) 

iftfl 

22.6 

22.8 

23.1 

EH 

23.0 

27.4 

| 25.4 


iETKl 1 


1 

ESS 

21.4 

22.4 

22.5 

21.7 

23.3 

26.1 

27.5 

189 

28.6 



16.5 


22.0 

23.5 

24.6 

22.6 

22.4 

Em 

24.8 




19.4 


23.3 

23.8 

26.4 

21.9 

24.5 

ESI 

25.4 




22.2 

20.2 

24.6 

24.1 

27.1 

21.2 

26.5 

23.1 

26.0 

26.0 



21.2 

■m 

m 

19.6 

23.7 

23.2 

27.3 

24.2 

24.0 

28.1 



21.6 

rtf 


19.8 

24.9 

22.0 

30.2 

22.8 

22.8 

30.7 



21.9 

ESI 

28.4 

20.0 

26.0 

21.2 

23.0 

21.3 

21.6 

33.2 



25.0 

24.7 

27.0 

23.6 

25.0 

■39 

in 

E-Vl 





24.9 

22.7 

28.2 

22.1 

24.0 

fin 

wmm 

1 





24.7 

20.8 

29.4 

20 . 6 

22.8 

16.7 

ESI 

lEaft 

12.4 

+0.9 



131 

18.3 

17.2 

■31 

23.7 

■31 

mgm 

6.4 





HI 

22.2 

16.4 


20.2 

EK9 

|t| 

8.3 





16.4 

26.1 

15.5 

wffl 

16.7 

10.3 

Eli 

10.1 





KKM 

mm 


21.0 

26.3 

mg 

EH 

7.1 





Km 

.:fiH 

21.7 

20.1 

23.3 


ESI' 

5.6 





EH 

17.5 

20.4 

19.2 

21 2 

KH 

Ell 

4.0 

13.1 




tiff 

21.2 

19.0 

ESI 


17.2 

EH 

8.4 

■39 




in 

19.6 

21.5 

Ife: 


18.6 

fix! 

7.8 

Uli 




21.4 

18.0 

24.0 

16.7 

17.7 

20.0 

12.0 

7.2 | 

12.0 




ESI 

25.8 

22.0 

33.5 


S2XI 

23.8 

28.4 

24.3 

25.3 



fill 

23.1 

20.7 

27.0 

ilii 

j W- n 

22.7 

24.7 

24.6 

23.6 



17.7 

20.4 

19.3 

20.5 

20.7 


21.6 

21.0 

24.8 

21.8 



E39 

18.5 

KH 

22.0 

21.0 

20.5 

18.3 

20.2 

21.0 | 

Ell 



EI| 

19.6 

ESI 

22.6 

22.3 

21.7 

19.7 

22.0 

22.5 

in 



EH 

20.6 

ESI 

23.2 

23.6 

22.9 

21.0 

23.7 

24.0 

25.1 



side of pattern. 

i the peak return of the panel that was measured. 
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Table 23. Three-Foot Square Array Pattern Data • Monostatlc Return (I 


Panel 

No. 

Peak Level 
with Ref* 
(db) 

Back- 

Ground 

3-DB 

Beamwidth 

(degrees) 

Posi¬ 

tion 

•• 


1 st 

2 nd 

3rd 

4th 

5th 






(♦) 

5.7 

eh 

exa 

\m 



J 

+2.6 

37.4 

1.8 

Avg 

6.0 

iu 

Hffl 








(-) 

6.2 

14.6 

19.7 

KH 

22.2 





■■ 

(♦) 

5.0 

BfVfl 

RH 

ill 

20.3 


K 

-0. 1 

33.4 


Avg 

5.6 

EXfl 

Kill 

Kxfl 

22.6 





■■1 

(-) 

6.2 

14.0 

18.8 


24.9 






(♦) 

8.1 

no 

HI 

nil 

wm 


L 

+2.9 

38.0 

1.8 

Avg 

8.0 

EXfl 

eU 


■ 






(-) 

7.8 

13.5 

_ 

fia 

m 

24.7 






(+) 

3.8 

Rl| 

ma 

" fm 

USB 


M 

-9.3 

27.7 

2.3 

Avg 

4.6 

Kntfl 

'EXfl 


wXm 






(-) 

5.3 

13.9 

14.3 

mam 

20.1 






(*) 

5.9 

12.6 

BUI 

Bll 

EH 


N 

0 

32.5 

2.1 

Avg 

6.6 

12.7 



ess 






(-) 

7.2 

12.8 

HI 

21.1 

20.7 






(♦) 

7.1 


15.0 

15.7 

Rffl 


0 

-8.9 

21.1 

2.1 

Avg 

6.9 

11.4 

14.8 

15.9 

Kntfl 






(-) 

6.6 

12.6 

14.6 

16.0 

14.4 






<♦) 

4.3 

sn 

17.4 

21.6 

24.0 


P 

+2.0 

37.6 

2.2 

Avg 

4.7 


17.7 


23.4 






(-) 

5.0 1 

isfl 

17.9 

20.0 

22.8 



•Reference is 24” x 24” aperture dihedral corner reflector. 

•*- sign refers to right side of pattern; + sign refers to left side of pattern. 

Notes: (1) Side-lobe levels and background are in db down from the peak return of the panel 
(2) See Figure 52. 
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let urn (5030 MC, Circular Polarization) (Continued) 


Return - Side Lobes 


5th 

6 th 

7th 

8 th 

9th 

10 th 

11 th 

12 th 

13th 

21.2 

21.6 

21.6 

23.7 

21.6 

22.8 

22.0 

24.4 

24.0 

21.7 

22.8 

22.3 

24 , 2 

21.9 

23.5 

22.9 

25.4 

24.2 

22.2 

23.9 

22.9 

24.6 

22.1 

24.1 

23.8 

26.3 

24.3 

20.3 

24.6 

20.8 

24.6 

21.1 

26.0 

20.9 

27.0 


22.6 

23.4 

22.0 

22.9 

21.9 

23.8 

22.3 

24.4 


24.9 

22.2 

23.1 

21.1 

22.7 

21.5 

23.6 

21.7 

25.3 

24.4 

24.1 

25. 1 

25.0 

30.8 

27.3 

32.9 



24.6 

24.1 

24.3 

24.2 

29.6 

26.1 

32.8 



2*. 7 

24.1 

23.4 

23.3 

28.3 

24.8 

32.7 



18.3 

18.9 

18.6 

15.7 

11.4 

7.3 




19.2 

16.6 

20.2 

18.2 

11.7 

9.3 




20.1 

14.3 

21.8 

20.7 

11.9 

11.3 

5.3 

12.3 


22.6 

20.6 

24.0 

21.0 

23.3 

30.6 

24.3 

26.8 


21.7 

21.3 

22.4 

21.3 

24.2 

27.4 

25.3 

25.7 


20.7 

22.0 

20.9 

21.6 

25.0 

24.1 

26.3 

24.5 


13.2 

15.3 

13.5 

18.8 

8.3 

5.7 




13.8 

17.0 

13.5 

15.2 

9.9 

8.2 




[4.4 

18.6 

13.4 

11.6 

11.4 

12.7 

15.7 



24.0 

18.3 

18.1 

23.2 

23.8 

25.7 

30.0 

25.2 


23.4 

18.9 

17.9 

23.2 

23.3 

25.3 

29.5 

26.0 


22.8 

19.4 

17.7 

23.2 

22.8 

24.9 

28.9 

26.7 



e panel that was measured. 


a 


The array with element spacing of 1.00A had side-lobe levels down 17.0 db 
with the return 3 to 6 db lower than the return for the arrays with 0.75A element 
spacing. 

The return of the spiral antenna arrays with the 1.25A spacing between ele¬ 
ments was 7.5 to 13.0 db below the return of the arrays with 0.75A element spac¬ 
ing. In general, the side-lobe levels were high and in most cases could be classi¬ 
fied as coma lobes. 

The panels used in these measurements were slightly distorted (see Figure 
53) and may have caused some filling in of nullL and some deviations in side-lobe 
level. 


(2) B1 static Results. With the monostatic measurements being of prime 
importance, only a limited number of panels were measured at bistatic angles of 
30 and 60 degrees (see Table 22). The results of these measurements are given 
in Tables 24 and 25 and shown in Figure 54. 

The 30- and 60-degree patterns had peak back-scatter return for positions 
other than the dead-ahead or broadside return. This happened where the return 
from the elements in an array would add in phase, giving a peak. This was more 
pronounced where the return for the array was 3 to 6 db below the return of the 
reference (see Figures 55 and 56). Where the broadside return equaled or exceeded 
the peak return of the reference, the in-phase addition f.om the elements was mini¬ 
mized or virtually eliminated. As shown in Tables 24 and 25, the side-lobe levels 
for the broadside return are much higher for the panels exhibiting return in excess 

or equal to the return of the corner reflector. 
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Table 24. Three-Foot-Square Array Pattern Data - Thirty-Degree Bistatic Ret 



Center Return 

Elements in Phase - Returi 





1st Side Lobe 



1st Side 1 



Peak Level 

Background 

Position 


Position 

Below 

Position 

Panel 

Position 

with Ref 

Level with 

with 

Level 

with 

Peak 

with 


(degrees) 

(db) 

Peak 

Peak <£ 

(db) 

Peak (£, 

Level 

Peak <£ 




(db) 

(degrees) 


(degrees) 

(db) 

(degrees) 

B 

0 

2.5 

35.4 

-2.8 

11.8 

-43-1/2 

3.8 

-47-1/2 





+2.8 




-39-1/2 

D 

0 

5.2 

37.5 

-2.8 

15.7 

-31 

+3.0 

-34-1/2 





+2.8 

15.0 



-27-1/2 

F 

0 

5.8 

35.8 

-2.8 

18.1 

-25 

11.8 

-28 





+2.8 

18.3 



-22 

I 


+0.6 

38.0 

-2.8 

9.3 

-43-1/2 

9.5 

-47 





+2.8 

9.3 



-40 


Notes: (1) Side-lobe level and background are in db down from the peak return 
(2) See Figure 54. 
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ata - Thirty-Degree Distatic Return (5030 MC, Circular Polarization) 


Elements in Phase - Return (-) 

Elements in Phase - Return (+) 

Position 
with 
Peak <£ 
(degrees) 

Below 

Peak 

Level 

(db) 

1 st Side Lobe 

Position 
with 
Peak <£ 
(degrees) 

Below 

Peak 

Level 

(db) 

1st Side Lobe 

Position 
with 
Peak <!, 
(degrees) 

Below 

Peak 

Level 

(db) 

Position 
with 
Peak <£, 
(degrees) 

Below 

Peak 

Level 

(db) 

-43-1/2 

3.8 

-47-1/2 

19.4 

+43-1/2 

4.1 

40 

16.8 



-39-1/2 

15.8 



47 

17.3 

-31 

+3.0 

-34-1/2 

16.1 

+31 

3.2 

27-1/2 

15.2 



-27-1/2 

15.0 



34 

15.0 

-25 

11.8 

-28 

23.2 

+25 

11.0 

22 

21.1 



-22 

20.8 



28 

14.1 

-43-1/2 

9.5 

-47 

21.1 

+43-1/2 

10.5 

40 

20.1 



-40 

19.9 



47 

21.9 


in db down from the peak return of the panel that was measured. 
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Table 25. Three-Foot-Square Array Pattern Data - Slxty-Degr* 



Center Return 

Elements in 





1st Side Lobe 



Panel 

Position 

(degrees) 

Peak Level 
with Ref 
(db) 

Background 
Level with 
Peak 
(db) 

Position 
with 
Peak <L 
(degrees) 

Level 

(db) 

Position 
with 
Peak <£ 
(degrees) 

B< 

P 

Lc 

(< 

B 

0 

0 

37.2 

-3.0 

+3.5 

m 

-49.3 

i 

D 

0 

+0.2 

36.4 

-2.9 

+3.3 

12.2 

13,0 

-35 

■ 

F 

0 

5.8 

29.8 

-3.0 

+3.3 

17.0 

16.2 

-28 

t 

I 

0 

+3.7 

45.0 

-2.8 i 

+3.1 

11.9 

11.1 

-52 

2 \ 


Notes: (1) Side-lobe level and background are in db down from 
(2) See Figure 54. 
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c Array Pattern Data - Sixty-Degree Bistatic Return (5030 MC, Circular Polarization) 



Elements in Phase - Return (-) 

Elements in Phase - Return (+) 

1st Side Lobe 



1 st Side Lobe 



1st Side Lobe 

Position 
with 
Peak <L 
(degrees) 

Level 

(db) 

Position 
with 
Peak (g, 
(degrees) 

Below 

Peak 

Level 

(db) 

Position 
with 
Peak (g, 
(degrees) 

Below 

Peak 

Level 

(db) 

Position 
with 
Peak (g, 
(degrees) 

Below 

Peak 

Level 

(db) 

Position 
with 
Peak (g, 
(degrees) 

Below 

Peak 

Level 

(db) 

-3.0 

+3.5 

m 

-49.3 

6.7 

-54.3 

-44.7 

22.6 

14.5 

+50.5 

6.7 

46.1 

55.7 

15.5 

23.6 

-2.9 

+3.3 

12.2 

13.0 

-35 

8.0 

-38.5 

-31.3 

17.9 

17.2 

+35.2 


31.6 

39.0 

18.3 

20.1 

-3.0 

+3.3 

17.0 

16.2 

-28 

4.5 

-31.4 

-24.2 

13.8 

13.0 

+27.8 


24.3 

31.5 

| 

-2.8 

+3.1 

11.9 

11.1 

-52 

23.1 



+52 

21.9 


■ 


nd background are in db down from the peak return of the panel that was measured. 
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4. Data Analysis 


a. General. When antenna elements are placed In proximity to one another, 
the radiation from the individual elements is coupled to the adjacent elements of 
the array. As a result, differences occur between the measured array patterns 
and the theoretical array patterns, which are the product of the array factors and 
the isolated element patterns. As indicated in Reference 17, this interaction ef¬ 
fect causes the antenna element impedance to change as a function of viewing as- 

/ 

pect, which in turn causes a corresponding change In the effective element pattern. 

The Items discussed in this subsection Include (1) an investigation to deter¬ 
mine whether It is possible to compute the array element parameters, and es¬ 
pecially the antenna impedance as a function of viewing using the single-port 
antenna scattering analysis, (2) an evaluation of the effective element pattern for 
the spiral antennas, and (3) the programing of a solution for the single-port anten¬ 
na scattering equations. 

b. Array Approach Investigation 

(1) General. The array approach proposed for computing the array ele¬ 
ment parameters with mutual coupling effects was to measure the array scattering 
pattern, determine the effective element pattern, and then apply the single antenna 
analysis procedure to the effective element pattern. Several outside consultants 
were contacted in an effort to prove whether or not the single-port analysis for de¬ 
termining the antenna parameters from scattering data can also be applied to the 
elements in an array. Dr. E. M. Kennaugh and R. Garbacz of the Ohio State 
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University Antenna Laboratory were selected to provide this information. The 
general formulation of the problem is mainly attributed to Dr. Kennaugh, and the 
specific example is the result of Mr. Garbacz's work. The approach that was 
taken In their analysis was to compare the reflection coefficient of an N-terminal 
antenna to that of a single-terminal antenna and determine under what conditions 
they might be equal. 

(2) General Formulation of Problem - Monostatic Scattering by a Multi- 
terminal Antenna or Array. The effect of load Impedance upon the scattering 
from an antenna (in general, the antenna includes the object supporting the radiat¬ 
ing structure as well) has been considered in some detail. In contrast, the laly- 
sis of scattering by an antenna with a number of terminal pairs (each with an arbi¬ 
trary load) has received less attention. Such an antenna must be considered as a 
multimode system, where the strength and phasing of the various modes depend in 
a complicated manner upon the particular set of terminations as well as the polar¬ 
ization and direction of the exciting field. Even when a set of identical load .'mped- 
ances are placed at all the terminals and these are varied together, the variation in 
scattered field is not necessarily that of a single-mode antenna with the same load 
impedance. 

The problem is approached by examining the parameters that determine the 
dependence of scattered field upon multiterminal loading of an antenna, and in par¬ 
ticular, the case where all load impedances are alike. Consider the scattering 
antenna, with its N terminal pairs together with the terminal pair of the distant il¬ 
luminating antenna, to be an N +1 port network, and write the Z matrix of the network 
as 
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V 


Zoo 2 01 z 02 • • • • Z 0N 


\ ' 

Vl 


z 10 Z 11 Z12 . . . . ZiN 


h 

V 2 

• 

• 

• 


220 Z 21 Z22 • • • • Z2N 

• 

• 

• « • 

• 

• • • • 

• • • • 


12 

• 

• 

• 

VN 


• 

^N0 Z N1. Z NN 


In 

■ M 


The impedance matrix formed by striking out the first column and row of this 
matrix is the impedance matrix of the antenna, relating the voltages and currents 
at the N terminal pairs, assuming that the distant antenna associated with the 
zeroth terminal pair is open circuited, or in any event, does not influence the 
properties of the N-port antenna. 

The term Zqq is the driving point impedance of the transmitting distant 
antenna with all the scattering antenna terminals open circuited, and the impedances 
zqj are infinitesimal quantities (varying as 1/r) that measure the transfer imped¬ 
ance relating the current at the j** 1 antenna terminal to the induced open circuit 
voltage in the distant antenna, all other terminals of the N-port antenna being open 
circuited. The N + 1 dimensional Z matrix is complex symmetric in all cases. 

Assume that each of the N terminals of the N-port antenna is loaded with an 
identical impedance, Z L > and that we wish to determine the input impedance, Z[ n , 
of the distant antenna. Then, 
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Combining the left and right sides of this matrix equation, 



Clearly, the determinant of the array must vanish, which implies (expanding by 
minors using the first row) 

0 = (Zqo “ z in) M 00 + Z 01 M 01 + z 02 M 02 + . + Z 0N M 0N * 

where Mgj denotes (-1)^ times the determinant of the array formed by striking out 

the first row and (j + l) st column from the array in Equation 3. 
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Solving for Zj n , 


„ Moi M 0 2 

Zin J ZqO + Z 01 'Mjjjj* + z 02 m^" + 


+ Z 0N 


M 0N 

M 00 


(4) 


The Mqj are determinants of arrays, each of which includes the same first 
column, which is that of the first row in the array of Equation 3, less the first ele 
ment (Zqq - Z in ). The minors, Mqj, can therefore be expanded in terms of the 
common first column, which explicitly brings out the factors zqj as follows: 


Z 01 M 01 = " Z 01 [ z 10 m ll + z 20 m 21 + . + Z N0 m Nl] 

z 02 M 02 = - zq2 [zio mj2 + z 20 ™22 +.+ Z N0 n*N2] 


Z 0N m 0N= _z 0N [ z 10 m lN + z 20 m 2N + . + Z N0 m NN] 


or 


N N 


z in = z 00 


i=i j=i 


z 0i z 0j m ij » 


(5) 


where A is the determinant of the array (A = Mqq). 


Z 11 + Z L 

z 12 

Z 1N 

Z 21 

• 

• 

z 22 + Z L 

• 

• 

• 

• 

Z 2N 

• 

• • 

• 

• 

Z N1 

• 

• 

Z N2 

• 

• • 

• 

Z NN + 


( 6 ) 
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and m|j 1 h (-1)* + ^ times the determinant of the array formed by striking out the 
I th and column and row respectively from the array of Equation 6. 


Since the element of interest is in the change in the Input Impedance of the 
distant antenna with changes in Z^, the reflection coefficient can be defined as 

„ z ln * ZOO _ Z Jn - Zqo 


'In 


^ Z 


00 


izST* where |Z ln |« (Zqo| 


If the distant antenna is “balanced" so as to detect no reflection when the 
multiterminal antenna has all ports open circuited, then it will measure a reflec¬ 
tion coefficient, r. when all terminals are loaded with Z^,. given by 

N N 

r °'IS2^ ) ^ L *0. -i • <7 

1*1 )■ 1 

In particular, when Z^ ■ 0 (all antenna ports short circuited), 

N N 

r ’ 'i7T 0 S *01 *0J (8 

I • 1 ) • 1 

where y jj Is the admittance matrix of the N-port network. 


For the case of arbitrary loads, Zl. the formula, for r as a function of 
Z L (Equation7)ls the ratio of two polynomials In Z^: 


1 p n-l < z O 
2Zqq 


(9) 
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Thus, although one may, for a single port (N = 1), relate r to Zl through a bl 
linear transform, 


r =-zr^-’ (10) 

for a general N-port, a relation of the form, 



must be expected so long as the roots of the denominator are distinct and do not 
coincide with the roots of the numerator (in which cate the number of terms is re~ 
duced). 


The roots of the denominator Bj are nothing more than the eigenvalues of the 
impedance matrix Zy, or in other words, the Bj are given by 



Z 11 

Z 21 


Z N 1 


z 12 

Z22 


Zn2 


Z 1N 


' II " 

Z2N 

• 


h 

• 

• 

• 

Z NN_ 


• 

• 

In _ 


( 12 ) 


The impedance matrix of a physical antenna must be positive definite; i. e., 
it has complex eigenvalues with positive real part, so that 


r 


N 


E 

i = 1 


^1 

2 l + Bj 
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becomes unbounded only for load Impedances = -Bj with negative real part (as 
would be expected from conservation of energy), but this does not happen for pas¬ 
sive loads. 


From Equation 11, A} depends upon the location of the distant antenna 
(through the zqj) as well as upon the Z matrix of the N-port antenna, while the 
Bi depend upon only the Z matrix of the N-port antenna. If, in the case of a planar 
array of identical elements, Equation 11 is to reduce to Equation 10, then two pos¬ 
sibilities must be investigated: 

(1) The A| in Equation 11 may exhibit a dependence on the angular coordi¬ 
nates (0 ,0) of the distant antenna with respect to the array that is very 
sharp. Thus, for a given bearing of the distant antenna (0 q^o^ 211 
but one or two of the Aj are very small. 

(2) The Bj in Equation 11 may differ only slightly, so that a number of 
terms can be combined (approximately) into a single term. 


(3) Specific Example - Scattering by Multiport Arrays. The reflection co¬ 
efficient at the input terminals to a probe antenna a far distance from the N-ele- 
ment array under study is given in general by 



where C is a constant of proportionality, Zl is the load placed on each of the array 
terminals, and Z n is an eigenload equal to the eigenvalues of the matrix 
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Zji Z\2 . . . . Z 1N 

Z21 z 22 • • • • Z2jj 


[z]. : : •. : . 

# • • • 

Z N1 Z N2* * * * Z NN 

If a load (Z^ = -Z n ) is placed on all the array terminals, an antenna power 
pattern will be produced which has a maximum in some direction in space (0 n , 0 n ). 
(Such loads will always be active loads for a physically realizable array.) The 
coefficient A n will be equal to the value of this power pattern evaluated in the direc 
tion of the probe antenna. It is independent of the load Z^. 

Thus, for example, if we have an N-element array, 

r - c / Al , ** 1 1 A m , , A N \ 

1 ■ lz L + Zi z L + z 2 • • • • + Z L + z m • • • • 


Each of these terms is a bilinear form in Z^. Therefore, if conditions could be 
found for which all the A's were zero except one, say Am, then T would take the 
form 


r = c 



Z L + z m 


t 


which is a bilinear form. In this case all the theory constructed for the single¬ 
port antenna applies. However, it is not likely that such a case will exist. More 
likely, perhaps two or three terms will be significant, and all the others will be 
substantially smaller, i. e., 
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r 2 c 


f 



which is a sum of bilinear forms, not a bilinear form itself. If the eigenloads 
Z m -l and Z m are very close together, then as long as |Zl - Z m | is large, the 
variation of T with Z L will be very close to bilinear, and again, the single-port 
theory applies. However, since the exact values of the eigenloads (Z m _i and Z m ) 
must be known if maximum radiation is to be produced in the directions 0 m ,0 m 
211(1 #m-l’ ^m-1* the P reclse values of Z m .j and Z m must be known, and they 
are different. To determine these valuee with loads such that |Z^ - Z m | and 
| Z L " Z m _i| are large and nearly equal would require great, perhaps too great, 
accuracy of measurement. 

Just where the poles of T lie in the complex Z^ plane depends upon the array, 
its configuration, coupling, self-impedance, etc. The same may be said of the 
pattern functions, A n . 

A very special case of a linear (not planar) antenna of N identical elements 
equally spaced along a line was considered. Each element was considered to have 
an input impedance of Zjj when all the other elements were open circuited, and 
each element was coupled by an impedance, Z c , to its nearest neighbors on each 
side. The element on each end were also considered to have an input impedance 
of Zjj and a coupling impedance of Z c , but this is clearly an approximation. Such 
end effects were found to cause difficulties in the analysis; however, if the number 
of elements is large, these end effects become more and more negligible. 
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For this special case, the reflection coefficient, T , takes a form 


sin (cos 0 n - cos 0p)l 


r * _ * I 8in X ^ 08 " C08 $p) 

2Z 00 rZ S C nn nW 

n = i Z 11 + Z L" 2z c C08 nTT 


This is of the form 


r ’ c z L ^z n 


n = 1 


where 


z n = z u - 2Z C cos » the eigenvalues of the [z] matrix, 


^n = 


sin[^jp (cos 0 n - cos 0 p )|] 

irH i > 

sin -g- < cos ^n * cos V] 


the power gain of the array in a direction 0 p when loaded with an elgenload Z L 
-Z n . The maximum of the pattern when so loaded occurs at 


cos ^n = 2d (n + 1 _1 ) * 


The above expressions are only approximate in that approximate forms of 
the eigenvectors of | Z J were used to determine the pattern functions, A n . 


It is important to remember that the above expressions are for a very 
special case of academic interest and not generally applicable. They are an 
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illustrative example of the more fundamental fact that associated with every array 
is a set of patterns in space in one-to-one correspondence with a set of loads, 
equal to the eigenvalues of [ Z J negated. The reflection coefficient seen by a probe 
at some position in space with respect to the array (0 p , 0 p ) is given by Equation 
13, where the A n are power gains, in that direction, of the respective patterns 
associated with the eigenloads. 

Since even in the very special case of the linear array, approximations had 
to be made to arrive at a simple answer, it is unlikely that any realistic antenna 
array will be amenable to simple analysis. A computer solution is necessary to 
find the eigenvalues of the impedance matrix and the associated eigenvectors. 

Using these eigenvalues, Z n , and using the eigenvectors to find the patterns, A n , 
one can form the sum, r, and investigate the effect of varying Z^. In some 
cases, perhaps the approximations suggested earlier hold, and their single-port 
theory may be applied. However, this can be determined only by a rather involved 
computer solution for r for the particular array of interest. General statements 
concerning arbitrary arrays could be made only after a much more thorough study 
of the problem. 

c. Effective Element Patterns 

(1) General . The effective element pattern of a large M x N array of identi¬ 
cal scattering elements is the array scattering pattern divided by the array factor. 
Since the array is assumed to be large enough so that the edge effects are negligible, 
the effective element pattern would be the same for all the elements. The sizes of 
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Afl Indicated In 


the panels that were measured are 12 x 12, 15x15, and 20 x 20. 

Reference 17, when large interaction occurs among the elements, five rows of 
elements might be required from the edge before a repetitive pattern is observed. 

(2) Formulation of Problem. The linear power array factor (Reference 16) 
for the monostatic radar return is given by 



where 

N = number of element groups in the linear array, 

M = number of elements in a group, 

D/a = element spacing/wave length, 

6 = monostatic angle with respect to broadside direction. 

The phase angle is twice that of an antenna array pattern because of the two- 
way propagation of the scattered radiation. This function is plotted in the Appen¬ 
dix of Reference 16 for N = 1 to N = 24. 

The effective monostatic radar cross section values, a e (0), for the elements 
might be obtained by dividing the array monostatic radar cross section values, 
<* a (0), by the power array factor on a point by point basis. However, this requires 
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exact values of the measured data near the null positions and also exact location 
of the measured null positions with respect to the theoretical null positions in 
order to obtain the element pattern. A better method of determining the equiva¬ 
lent element patterns is to divide the measured peak side-lobe levels of the array 
by the square of the total number of elements. The resultant levels are then com¬ 
pared to the theoretical peak side-lobe levels. As mentioned in Reference 18 
(page 2-18), thetheoretical peak side-lobe levels are down approximately 13.2, 
17.8, 20.8, 23.0, and 24.7 db from the main beam level when the number of ele¬ 
ments in a row is large. The peak side-lobe return occurs when 

6 = sin" 1 *4DN^ I w k ere n = 0, 1, 2, 3 ... 

(3) Resultant Patterns. Isolated spiral antenna patterns and the results of 
determining the effective element patterns for the spiral antennas are shown in 
Figures 57 through 61. The array side-lobe data that was used for this calcula¬ 
tion is given in Table 23 along with the corresponding background levels. The ac¬ 
curacy of the computed effective element patterns was limited by the relative sig¬ 
nal to background levels. The best measurement data was for panel F where all 
tabulated peak side-lobe levels were at least 19. 7 db above its background level. 
Panel O, which had the smallest side lobe to background level, had a peak side- 
lobe level that is 1.9 db above the background level. Although restricting mea¬ 
surement consideration to the first two peak side lobes would give a theoretical 
measurement accuracy of approximately ±1 db for most of the panels, the complete 
set of side-lobe levels was used in determining the effective element patterns. 

The points where the effective element patterns were computed were connected by 
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straight lines. Different line representations are used to distinguish among the 
plots. For a given panel, the - t ign points refer to the side-lobe levels on the 
right side of the original patterns and the + sign points refer to the side-lobe levels 
on the left side of the patterns. 

As can be seen from these plots, the effective element patterns and the mea¬ 
sured isolated patterns are different. The effective element patterns of the arrays 
with the cup reflectors should have been identical with the corresponding single¬ 
element patterns if the following were true: 

(1) The reflectivity measurement accuracy was not restricted by back¬ 
ground levels. 

(2) There are no mutual coupling effects among the arrays. 

(3) The array support return is negligible. 

(4) The panels were perfectly flat. 

(5) The elements were equally spaced on the panels. 

(6) The load terminations were exactly the same for the single isolated 
elements and the elements of the array. 

As a result, any of the above conditions coqld have resulted in some of the 
deviations. However, limiting the comparison to just the peak amplitude and the 
first two side-lobe levc’s, the fact that the equivalent element pattern of the cup 
array with the 0.75X spacing differed from the equivalent patterns of the cup arrays 
with the IX and 1.25X spacings indicates that either different mutual coupling effects 
or different structural scattering or both items might have taken place. The same 
conclusion is reached on comparing the 0.75X spacing equivalent element patterns 


86 


for the arrays with the cups and the arrays with the plane surfaces at the same 
limited viewing aspects. 

d. Antenna Parameter Computer Solution 

(1) General. The development of a computer program for determining the 
antenna parameters, B, y , R a , and X a , of single-port antennas with known antenna 
loads is described in the following paragraphs. 

(2) Newton-Rathson Method . The problem is one of solving a set of five 
nonlinear, sinultaneous equations for the five sets of <tj, R L j, and X L1 . The 
equations to be solved are 

Z* - Z ^ 

°\ = AeJ y -*• B -g - + where I = 1, 2,3,4,5 (for 5 equations) (14) 

and 

Z = Rj + jX a , Z = Rji - j X a , and Zlj = Rn + JX 

The Newton-Rathson iterative method was employed to solve the equations. 
This technique is discussed in most text books on Numerical Analysis. 

To use Newton’s method we define function of the form, 

2 

F, (A, B, y, R a , X a ) = Aefr + B \ ~ (15) 

= 0 . 

This equation then represents five functions with unknown A, B, y, R a , and 
X a . The objective now is to determine the values of A, B, y, R a , and X a such that 
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the functions Fj(A, B, y , R a , X a ) ■ 0. First, the values of A, B, y , R a ,and X a 
are estimated. Then F{(A, B, y , R a , X a ) are expanded by a Taylor series about 
the assumed values of the variables. (Assumed values are noted by A ■ Ao. 

B = Bq, y = yg, R a = Rg, X a ■ Xg.) 

Fj(Ag + IA, Bg + 4B, yg ♦ |y, Rg ♦ 4R, Xg ♦ IX a ) 

dFi 3F« 

— Fj(Ag, Bq, yo* Ro* Xg) + -gy IA -gg- IB 
3Fi 3Fi 3Fi 

+ 17 67 + JtCi 4R » + l*i 4X » * 06) 

Only first-order terms In IA, IB, . . . are kept, and the partial derivatives 
are evaluated at Aq, Bo, ty* **0 **id Xg. The functions F|(Ao ♦ IA, Bo 4 IB, . .) 
are set equal to zero, resulting in a matrix equation of the form 

FI = -F (17) 

where 


BF l 

3Fj 

3Fj 

El 

•El 

dA 

m 

"ay 

3R a 

3X a 

3F2 

3F 2 

3F 2 

3F 2 

3F 2 

dA 

3B 

17 

3R a 

3X a 

3F 3 

3FJ 

3F3 

9Fj 

*E 1 

aA 

3B 

ay 

3R a 

3X a 

£4 

3F 4 

El 

!El 

El 

3A 

3B 

97 

«» 

3X a 

ifj 

3F 5 

3F 5 

•a 

3F S 

3A 

3B 

ay 

SR, 

3X a 
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and 


4A 


ID 


4 


4y 

««» 

«X, 


n 

(An. 

Bn- 

X n . 

Rn» 

x n ) 


F2 

(An. 

Bn. 

Xn. 

Rn. 

Xn) 


f 3 

(An. 

Bn. 

Xn. 

R n . 

Xn) 

(n denotes the nth 

F4 

(An. 

Bn. 

Xn. 

Rn. 

Xn) 

Iteration of the process.) 

f 5 

(An* 

Bn* 

Xn. 

Rn» 

Xn) 



Solution of the five linear equations (Equation 17) gives IA, 4B, 4y, 4R a , and 

4X a . 


The next set of answers for the variables A. B, y, R a , and X a Is then 

Aj ■ Aq ♦ 4A 
Bj ■ Bq ♦ 4B 

xi ■ x 0 ♦ *y 

Rl ■ Rq ♦ 4R* 

Xj - Xq ♦ 4X a 

The values Aj, Bj, yj, Rj, and Xj are put Into Equation 17, and a new set 
of 4's is obtained; thus the Iteration. This process Is repeated until answers for 
the variables are acceptable. The above solution was programmed for the digital 
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computer. The computer program (or "'Mvlng the equations has the following 
logical steps: 

(1) Feed the Initial estimate of the values of the variables Into the computer. 

(2) Calculate the matrices F' and F. 

(3) Solve the matrix equation for the I's. 

(4) Calculate the new answers. 

(5) Test for convergence (I. e., good answer). 

(6) If test confirms good answer, print answer. 

(7) If test says not a good answer, repeat the procedure starting with step 
2 and iterate until step 5 confirms a good answer. 

However, because of the degree of non-linearity of the initial equations, situations 
exist such that for some first estimates of the unknown variables, the program 
will not give good answers. 

(3) Computer Program Development. Not only do situations exist that pre¬ 
vent the computer program from converging to a common root of the unknown vari¬ 
ables for an arbitrary choice of the initial estimates of A, B, y, R a , and X a , but 
also cases occur where the simultaneous equations do not have a real solution. 
Therefore, the following approaches to forcing the program to converge for a 
given set of <T|, RLj, and XL} were considered: 

(1) Trial of various unknown parameters to determine if the region of 
convergence can be obtained. 

(2) Use of an auxiliary equation in four unknowns and fixed 1^ to try to 
arrive at initial values for the unknown parameters. 
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(3) Use of the following three different expansions of the radar crosB-section 
equation to determine if one form converged more readily: 

(a) Trigonometric form in sin y and cos y. 

(b) Cartesian form in u = cos y and w = sin y, where the highest 
order of the product of the unknown parameters is 6th order. 

(c) Cartesian form in u = cos y and w = sin y, where the highest 

order of the product of the unknown parameters is 4th order. 

* 

(4) Incrementing the load impedances of a case with a known parameter 
solution to the theoretical load impedance of the case with the unknown 
parameter solution, using a constant set of radar cross sections. 

(5) Incrementing the radar cross section of a case with a known parameter 
solution to the actual radar cross section of the case with the unknown 
parameter solution, using a constant set of load impedances. 

(6) Dynamic programming technique to try to arrive at initial values for 
the unknown parameters. 

(7) Manipulation of the radar cross section equations to try to arrive at 
initial values for the unknown parameters. 

(8) Approximation of a point of nonconvergence by an elliptical paraboloid 
' * in 6-dimensional space. 

The third form of the equation in item 3 was combined with the approaches 
in items 5 and 7 to form the final computer solution. The initial values of the five 
parameters are automatically chosen in the computer program to exactly satisfy 
the measured radar cross sections of the antennas with the short and open circuit 
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terminations and to approximately satisfy the third and fifth radar cross-section 
measurements. These five parameters are then used to obtain a set of calculated 
radar cross sections. After the parameters for these calculated radar cross sec¬ 
tions are checked for convergence, the third and fifth radar cross sections are 
equated to their measured values. Using the calculated radar cross section para¬ 
meters as its initial values, the antenna parameters for this new set of radar 
cross sections are determined in the loop employing the Newton-Rathson method. 
The fourth radar cross section in subsequent trials is incremented by 1/10 of the 
difference between the measured and calculated radar cross sections. The initial 
parameters for each of the trials are the results of the preceding trial. The in¬ 
cremental value is changed to 1/100 of the difference, if the parameters fail to 
converge before the fourth radar cross section reaches its measured value. The 
last set of radar cross sections in which the parameters converged is used as the 
starting point for the additional trials. The test for convergence for a set of para 
meters is whether 

Calculated radar cross section using the parameters 
- specified radar cross section 

Specified radar cross section 

ic * each of the five radar cross sections. It is assumed in the computer program 
that the parameters will not converge for a specified set of radar cross section 
values if more than 19 iterations of the parameters are required using the Newton- 
Rathson method before convergence is obtained. If the load impedances are ac¬ 
curately known, the difference between the fourth measured radar cross section 
and the point at which the parameters fail to converge for a second time gives an 
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indication of the radar cross-section measurement accuracy that is necessary for 
convergence. 

The analysis for determining the initial values of the parameters and the 
radar cross-section equation that was used for the Newton- Rathson method are pre 
sented in the following paragraphs. 


The initial values of A and B were chosen using the equations 


A = 



B = [0.25 (<J ma x + ff min) ± 5 v/^max a min ] 

where the maximum and minimum values of the measured radar cross sections 
are selected automatically. 


An expansion for the radar cross-section equation is 


*9 n . n H a 2 - H e 2 - ( x a + x e)^ 4 A BR a (X a + X©) 

A* + 2AB- 5 -^ cos y -* 5 — 1 * - 5 sin y 

(R a + R e r + (X a + Xe) £ (R a + He) + ( x a + X e r 


* B 2 


(R a - Re) 2 + « a 4 X e ) 2 
(R a + Re) 2 + (X a + X e ) 2 


Solving for the load reactances gives 

(X a + X e ) 2 (A 2 + B 2 -<r - 2AB cos y) + (X a + X e ) R a (-4AB sin y) 

+ R a 2 (A 2 + B 2 - <7 + 2AB cosy) + R a [2R e (A 2 -o) - 2R e B 2 ] 
-2AB Re 2 cos y + (A 2 - a) Rg 2 + B 2 Re 2 = 0. 
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When the load resistance is zero, such as for the open circuit and short cir¬ 


cuit terminations, the solution for the quadratic equation becomes 


(X a + X e ) = R a 


sin y ± v/l- [(A 2 4 B 2 -a)/ 2ABP 
(A 2 + B 2 - (0/2AB- cos y 


A minus sign in the above equation and an initial value of 


y = cos 


_, A 2 + B 2 - <7 0pen circuit 
2AB 


satisfy the condition that the load reactance of an open circuit is minus infinity. 
The initial value of X a is chosen to satisfy the reactance equation with a minus 
sign for the fixed value of X e ( c losed circuit) and the selected values of A, B, and 
y. The value of R a is chosen from two other values of the measured radar cross 
sections. 


The initial value for the fifth parameter, R a , was determined by expressing 
the above general radar-cross section equation in powers of X a . The X a 2 term 
for two radar cross sections was eliminated by subtracting the two equations. The 
remaining X a term was eliminated by substituting the expression for X a of the short 
short circuit radar cross-section equation. The resulting quadratic in R a then 
becomes 

sin y- J\ - |~(a2 ^ b 2 - ffi)/2ABl 2 j T -4AB siny _ + 

(A 2 + B 2 - *i)/2AB - cos y J [a 2 + B 2 - <73 - 2 AB cos y 

(Continued) 
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4AB sin y 


a 2+ 0 2 - - 2AB cosy 


A 2 + B 2 - <Tg + 2AB cos y 
La 2 + B 2 - °Z - 2AB cosy 


aT. 2 

A* + B - o 5 + 2AB cos y 
A 2 + B 2 - <Tg - 2AB cosy 


+ R a ^ 


sin y- J 1 - [(A* + B 2 - <Tj)/2AB] ^ 


(A 2 + B 2 -<Fj)/ 2AB - cos y 


^e3 " ^e5 


-X e i 


-4AB slny 


4AB sin y 

+ ;j "i- 


A^ + B 2 - *3 - 2AB cos y A“ + B“ - <Jg - 2AB cos y 


X e3 (-4AB sin y) + 2R e3 (A 2 - B 2 - oj 
A? + B^ - ^3 - 2AB cos y 

X e5 (-4AB sin y) * 2R e5 (A 2 - - a 5 ) 

A 2 + B 2 - «5 - 2AB cos Y 


+ 


-2X e , 


[Xe3 - X e5 | * [Xe 3 2 - X e5 2 | + j^ 2 - R e5 2 | 


= 0 


where the subscript 1 refers to the short circuit data and the subscripts 3 and 5 
refer to the two other radar cross-section data. The solution for the quadratic 
equation in R a in straighforward. It was found that the minus-sign solution gave 
the most realistic answers. 


The third form of the radar cross-section equation appeared to cause the 
parameters to converge more readily than other forms of the equation. This 
equation, which was used to obtain the final parameters, is 
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a = 


« , "a 2 - Be 2 - < x a ♦ X C > 2 

u 4 + w z + 2 uB — a - 5 -=- 

(R a + R e r + (X a + X e ) 

(R - R J 2 4 (X 4 X ) 2 

b 2_a_e_a_e_ 

(R a 4 R e ) 2 4 <X a 4 X e ) 2 


4w BR a (X a 4 X e ) 
(R a 4 R e ) 2 + (X a 4X e ) 2 


where u = A cos y and w = A sin y. 


(4) Theoretical Loads. The solution i< the actual parameters of a given 
antenna is dependent on the knowledge of the loads that are used to terminate the 
antennas. The shorting strips that terminate the spiral antennas consisted of U- 
shaped strips 3 mils thick and 30 mils wide. The nominal spacing between strips 
was 0.125 inch. The material was non-magnetic stainless steel, Type 302. Since 
shorting strips were used for the antenna loads, two possible choices result for 
the antenna load reactance. One is the standard transmission line reactance, and 
the other is a short wire reactance relationship. The load resistance might be 
considered to result from either transmission line losses or radiation losses. 

The standard equation for the load impedance of a short circuited transmission 
line (without radiation losses) is 


Z = jZQ tan (*i + jo) s 



-sinh 2 as + J sin 2 ^s 
cosh 2 os + j cos it fa 


where 

Z = load impedance, 

Z 0 = characteristic impedance of the line, 
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0 = 2n/A, ' 

A = wave length, • 

a = attenuation coefficient per unit length, 
s = transmission line length from the shorting position. 

As mentioned in Reference 19, a fair approximation to the effective line 
length of atwo-wire transmission line is the actual length to the shorting bend plus 
one half the wire to wire spacing. Since the nominal spacing between strips is 
0.0533 wave length, large changes in the value of the calculated reactances can 
occur as a result of the choice for the effective strip length. As indicated in Refer¬ 
ence 18 (page 30*15), the characteristic impedance for equal-width plates is given 
by 

Z 0 * 377 (2h/b) for 2h « b 
Zq * 276 logio(8h/b) for 2h»b 

where 

h = one half the spacing between strips 
b = total width of the strip. 

In this case, 2h = 0.125 inch > b = 0.03 inch. 


The alternate short wire reactance relationship is given in Reference 20, pp 
120 - 122 and 364 - 368. The equation for the reactance is 


X a = 


s ^o + L s + ^t) 


s ._i 2h 2h / 

7 cosh 1 'R + -Er( s 


* k-1 2 h 
sinh 1 — 
a 


a 

*5h 
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s 2 »(2h) 2 » a 2 and (2w/A) 2 s 2 « 1, 
w = angular frequency, 

^ = constant inductance power unit length of a uniform line, 

L g = theoretical isolated inductance of the bridge, 

L? = correction for actual nonuniformity of the inductance per unit length, 
f = frequency, 

= (4n/10 7 ) henrys/m, 

s * transmission line length from 'he shorting position, 

h = one half the spacing be* < rips, 

a = wire radius, 

A = wave length 

The equivalent radius of the shorting strip was approximated by equating the 
circumference of the strips to the circumference of an equivalent wire. 

An evaluation of the transmission line loss of the shorting strips can be made 
by modifying Equation 43 of Reference 21 (p 165) for equal-width plates and zero 
thickness. The attenuation per unit length is 

a = 1(1) 1/2 » + 1 + »b/2h - 21n e 4/4 db/unlt , ength 
n vn ' 1 + irb/2h + ln e (1 + rrb/2h) 

where 

6 = -2 + 2 (1 + t/h) 2 + 2(1 + t/h) [ (1 + t/h) 2 - 1 ] , 

€ = permitivity of free space, 
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V = permeability of free space, 
b = total width of strip, 
t - thickness of strip, 
h - one half the spacing between strips, 
a c = conductivity of the strips. 

The numerical results of the attenuation per unit length indicate that the dissipa¬ 
tion losses are negligible. 

The radiation resistance of a small wire loop of any shape that is fed from a 
single point is given in Reference 18 (p 6-12) and 22 p(227) as 
R e = 20 a 4 A 2 = 320v 4 A 2 /A 4 for 0d < 1 

where 

R e = radiation resistance, 

A = area enclosed by the loop, 
d = distance around the loop 

Absolute reliance on the radiation resistance equation is not possible because of 
the large width to thickness ratio of the strips and the fact that the shorting strips 
are not a closed loop. 

Although some of the shorting strips, which vary from a short circuit to 
3/16 wave length ir. length, do not satisfy the length and width conditions of the 
short wire reactance relationship, it is believed that this relationship is more rep 
resentative of the actual load reactances. The validity of a given load calculation 
might be established by applying it and the corresponding measured returns of 
isolated elements to the computer program. The resultant value of R a would then 
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bo compared to the Known value. The stated value of R a was 62 ohms for the spiral 
antennas that were considered. Title ipproach was tried for both the transmission 
line and short wire reactance relationship, but the answers did not converge for the 
input data. The final resistances that were computed in both cases differed from 
62 ohms. The difference between the stated resistance and the last computed re¬ 
sistances (before the parameters failed to converge) might be caused by one or more 
of the following factors: 

(1) The measured data might not be sufficiently accurate to result In a cor¬ 
rect value of resistance. 

(2) The single element data that was used for this calculation was obtained 
from spiral antennas that had hand-made strip line terminations. These 
termination dimension? might not be sufficiently exact to give accurate 
reflectivity data and calculated antenna loads. 

(3) There Is a question as to what Is the exact reactance between the open 
circuit and short circuit termination. 

(4) As opposed to a linear relationship, the nonlinear equation for the radar 
cross sections has multiple roots for the antenna parameters. There Is 
the possibility that the root that was attempted was not the one that ap¬ 
plies to the physical situation. 

(5) As indicated previously, there are uncertainties In the theoretical strip 
line loads. 

Because of the limited extent of the investigation, the above ambiguities were 
not resolved for the particular spiral and strip line combination. However, this ap¬ 
proach cl solving for five antenna parameters from five scattering measurements 
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can be appliel n any single-port antenna lor which there in accurate input data. 

(5) Compi le? Program and Example. The final computer program, which 
computes the initioi parameters and then evaluates the final parameters using the 
Newton-Rathon meth *\ is written in Fortran IV and can be readily adapted to most 
digital computers. A «»nple input data sheet is shown in Figure 62. A listing of 
the computer program h g'ven in Figure 63. As written, the program assumes 
that the B coefficient is taigte than the A coefficient. Another solution, where A 
is greater than B. can be fot*V by interchanging the first A and B symbols after 
statement 4 in the Fortran list n*. 

The approximate running tUn of the 1410 computer Is as follows: 

(1) Compilation time - 2 min n »s. 

(2) Each iteration pass - 6 to V econds. 

(3) Each set of radar cross sect, ?? values (requires an estimated 5 to 16 
passes for convergence, depend ng on the accuracy of the Initial estimate 
of the parameters) - 30 to 106 *>tonds. 

(4) Ten increments of radar cross se*tV>n to the measured return (if each 
set converges) • 300 to 1060 seconds 

The Input data of a sample problem Is Included In Figure 63. and the com¬ 
puter results are shown In Figure 64. The Input r dar cross section data is In db 
with respect to one square meter and refers to .he tingle-spiral antenna measur *• 
ments given .n Table 16 for the 0-degree viewing aspect. Thee(3). #(4), and#(5) 
values correspond to the 3/32A, I/8A, and 6/32A ter nations respectively. The 
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antenna load resistances were computed using the wire loop radiation resistance 
equation, and the load reactances were computed using the short wire reactance 
relationship. The steps Indicating how the computer results are obtained were 
described earlier In this section. As stated previously, the parameters u ■ A cos y 
and w = A sin y were substituted lor A and y in the equation that was used to de¬ 
termine the antenna parameters from the Newton-Rathson method. The 10 columns 
after the "ESTIMATED ANSWERS" for the parameters list the respective trial 
parameters, u, w, B, Ra, and Xa> and the resulting 


calculated radar cross section 
using the parameters 


- specified radar cross section 


specified radar cross section —- 

for <r(l) through a(5). After the parameters converge, the values of A and y are 
computed and the final parameters are printed along with the resulting calculated 
radar cross sections. The last <r(4) value where the parameters converged is 
within 0.82 db of its measured value. The antenna resistance for this radar cross 


section is 56.6 ohms. 


5. Conclusions 

The following items resulted from the array scattering investigation: 

(1) Further knowledge on array antenna scattering theory was obtained from 
the work of the consultants from Ohio State University. Their analysis 
indicates that the computer program is not suitable for calculating the 
mutual coupling impedances of general array antennas. 

(2) Comparison of the equivalent element pattern of an array to its isolated 
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element pattern ic one method for determining If mutual coupling effects 
occurred for this type of array. Evaluation of the effective element 
patterns of the spiral antenna arrays Indicates that mutual coupling ef¬ 
fects might have occurred among the array elements. 

(3) The effect of element spacing and type of reflector surface on the 
scattered radiation Is shown by comparing the equivalent element pat¬ 
terns rather than by directly comparing the measured array pattern. 

The large differences In the measured peak amplitudes for the same 
load terminations were primarily due to the differences In the number of 
elements in the arrays, while the equivalent element patterns are norma¬ 
lized to account for this fact. All the peak amplitudes of the equivalent 
element patterns were within 3.4 db of each other and were within 4.8 
db of the measured isolated element patterns. As mentioned previously, 
the equivalent element pattern values from the measured peak amplitude 
and the first two side-lobe levels of the cup array with the 0.75A spacing 
differed from the corresponding values of the cup arrays with the 1A and 
1.25A spacing. This indicates that either different mutual coupling ef¬ 
fects or different structural scattering or both items might have taken 
place. The same conclusion was reached on comparing the 0.75A spac¬ 
ing equivalent element patterns for the arrays with the cups and the 
arrays with the plane surfaces at the same limited viewing aspects. 

(4) A Fortran program, which was not previously available, was developed 
that can be used to determine the parameters of single-port antennas 
from scattering measurements. As opposed to standard antenna 
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Impedance measurement techniques, this program can be used to calcu¬ 
late other antenna parameters besides Impedance of any single-port 
antenna whose load can be defined. The use of the radar cross-section 
approach for determining antenna Impedances is especially useful when 
the antenna test leads change the antenna characteristics, such as for 
small antennas, or when there are problems in the bridge and slotted 
line techniques due to radiation coupling to the measurement equipment. 
The computer program, which requires five measurements for a solu¬ 
tion, can also be used where the three-measurement technique of the 
Ohio State University Laboratory cannot be used, such as when the 
antenna load impedance cannot be continuously adjusted for an absolute 
maximum and minimum return. This new approach should be a valu¬ 
able tool in the investigation of the antenna parameters of various single 
port antennas. 
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SECTION 3 


CONCLUSIONS 

A flexible thermal coating suitable for spacecraft applications has been fab¬ 
ricated and tested under simulated operating and space conditions, resulting in no 
significant deleterious effects. Although test results were encouraging, this In¬ 
vestigation must be considered preliminary, and additional characterization work 
must be done for a specific application to get a full evaluation. 

Test results have indicated that a lightweight, flexible solar sail material 
having solar absorptance characteristics on one side and solar reflectance charac¬ 
teristics on the other side along with corresponding infrared emittance properties 
is feasible. The optical phenomena of the sail sides have been widely studied for 
similar hard-surface applications; however, this was one of the first attempts to 
utilize a flexible substrate and packageable approach. 

This program attempted to establish the antenna parameters (which include 
the impedances) of small spiral antennas with unusual terminations through the 
application of new antenna scattering techniques. This effort has been partially 
successful in that a computer program has been developed, using the fundamental 
equations of this technique, to calculate these parameters. Due to problems of 
multiple roots, mechanical tolerances, uncertainties in the theoretical loads, or 
possibly measurement uncertainties, this program has not produced a useful set of 
antenna parameters from the measured antenna data. It has produced correct re¬ 
sults for hypothetical cases, and it should be possible to refine either the program 
or the measurements to produce correct results for single elements. 
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An investigation oi the applicability of the theory to arrays has shown that, 
while the arbitrary general array does not meet the bilinear condition that is re¬ 


quired for use of the single-port scattering technique for determining antenna para¬ 
meters, array configurations might exist for which the approach is suitable. A 
complete analysis of the physical situations that satisfy this bilinear requirement 
was not considered a part of this program. 

The measurement part of the program was successful in that all required 
measurements have been completed. The data is reported herein. In addition 
there are indications, if not positive proof, that mutual coupling does exist for the 
arrays considered. 

The inability to compute these mutuals and the self-Impedances of the array 
elements is a result of the discovery during the program that there was a limitation 
on the direct applicability of this scattering approach. However, this discovery 
does not rule out the eventual possibility of using scattering measurements for 
determining Impedances of array elements. Rather, the disclosure indicates that 
additional fundamental work must be done in this field before a scattering approach 
can be applied to arrays. As a result of the exposure given this field during the 
current program, it is believed that important new work can and should be done in 
this technical discipline. 
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SECTION 4 


RECOMMENDATIONS 


A. GENERAL 

There are three possible approaches for further rf work. These He in the 
areas of (1) a pure theoretical analysis to either establish the criteria for when 
the single-port antenna approach applies to arrays under the assumption of biline¬ 
arity, or develop suitable modified expressions relating impedances and scat¬ 
tering data for a general array; (2) a combined theoretical and empirical approach, 
which would employ simpler elements to obtain the same results; and (3) employ¬ 
ment of a "scale down" technique to establish the impedance characteristics of the 
spiral element in a small array. Although the last solves the immediate problem, 
and the first will provide the greatest depth of understanding, it is believed that 
the second will provide the greatest amount of general useful engineering informa¬ 
tion in the shortest time and with the least expenditure. The three approaches are 
covered in greater detail in the following paragraphs. 

B. PURE THEORETICAL APPROACH 

As discussed in Section 2, valuable insights into the problem may be obtained 
through an investigation of the eigenvalues of the matrix of a simplified "line array" 
for several particular antenna array configurations. This would be done for various 
assumptions of mutual coupling and for different element spacings. The basis for 
a more general examination of two dimensional arrays would be laid by this work. 
Depending on the scope of this program, the development of an approach to the 
latter case might be attempted. 
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Any antenna array of N elements can be described In an N x N impedance 
matrix, but this matrix becomes quite complex for the general case. For a one- 
dimensional array (line array), the non-zero elements can be arranged to fall on 
and near the diagonal and manipulation of the matrix becomes quite straightforward. 
For a two-dimensional array with some mutual coupling, non-zero elements will 
appear throughout the matrix and mathematical manipulation is extremely difficult. 

Therefore, this effort might also include an investigation of the properties 
and matrix manipulations of a three-dimensional matrix. This matrix, illustrated 
in Figure 65, can be constructed so that all of the non-zero terms lie in a "tube" 
around the diagonal to the matrix. (In Figure 65, only the case of mutual imped¬ 
ances between adjacent elements is illustrated.) This arrangement provides con¬ 
ceptual simplicity and could eventually lead to ease of mathematical manipulation 
of the matrix of the general two-dimensional antenna array case. 

C. COMBINED THEORETICAL-EMPIRICAL APPROACH 

A significant problem, which hindered the development of a fuller under¬ 
standing of the array impedance characteristics, was the compactness and unusual 
nature of the elements. While it was these very elements that led to the require¬ 
ment in the beginning, the exploration of the problem indicates that much useful 
work can be done in understanding the fundamental theory of mutual coupling ef¬ 
fects if simpler configurations are considered first. For example, if small horns 
and variable short circuits were used, a measurement program could be devised 
to support a theoretical investigation of first the line array and then the two- 
dimensional array. One result of such a study would be the establishment of the 
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requirements, which must be satisfied, for an array to be considered to be "quasi - 
bilinear"; l.e., the types of arrays for which the bilinear relationship betwoen scat* 
terlng and impedance is approximately satisfied, so that a computer-aided approach 
of the type developed in this investigation would be applicable. In addition. It might 
also be possible to develop a modified expression for this relationship which would, 
for other array configurations, permit computation of the various antenna para¬ 
meters involved in these relationships. 

As outlined above, this approach offers a comprehensive exploration of the 
problem with the promise of yielding useful results within a relatively short time. 

D. "SCALE DOWN" TECHNIQUE 

In view of the extreme precision with which small antennas can be repro¬ 
duced using techniques that were either developed or used on the current program, 
it should be possible to build extremely accurate models scaled up in size and to a 
lower frequency. By taking extreme care to maintain resistances and antenna re¬ 
active impedances, the models should have the same characteristics as the origi¬ 
nal antennas. The transmission lines of these models may then be probed using 
standard techniques for parallel wire lines or by other techniques to establish the 
impedances. By measuring the center element in a sufficiently large array (25 or 
more elements) for different angles of incident energy, the antenna impedance can 
be obtained. 

In addition, the larger size should permit accurate termination of the antenna 
in both resistive and reactive loads for scatter or other measurement. In 
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particular, by putting a variable load on the antenna, the techniques developed by 
OSU can be applied to permit quick and accurate determination of the parameters 
of single antennas. 

A further advantage of this techniques lies in the fact that antenna para¬ 
meters can be varied more easily than they can with the smaller antennas, for 
which the requirements for reproducibility demand that all elements be constructed 
from special tooling. 

Since the current program has succeeded in defining a new field of investiga¬ 
tion, it is recommended that programs along the lines suggested above should be 
initiated. In addition to the applicability to the pseudo-passive program, this work 
would have important implications to radar vulnerability of airborne, ground-based, 
and shipboard arrays, and to the design of configurations such as arrays of 
"Antennafier" elements (antennas combined with mixer, amplifiers, or frequency 
converters); it might find applicability to normal arrays by virtue of the large de¬ 
pendence of the mutual impedances to the phasing angles of such arrays. 
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Figure 1. Lenticular Configuration Principle 
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Figure 2. Parameter Interaction of Scattering Antenna 
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Figure 3. Work Flow Chart for Coatings Investigation 
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Coated Lens Material 
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Figure 5. Typical Cross Section of Panel 
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Figure 6. Cross Sectional View of Absorptance-Emittance Sample 
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Figure 8. Solar Absorptance versus Exposure Time for 
Flexible Thermal Control Coatings 



Figure 9. Emittance versus Exposure Time for Flexible 
Thermal Control Coatings 
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Figure 10. a*/t Ratio versus Exposure Time for 
Flexible Thermal Control Coatings 
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Figure 11. Optimum Solar Sail Material 
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Figure 12. Work Flow Chart for Solar Sail Investigation 
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Figure 14. Absolute Reflectance of Al-SiO Coating before 
and after Ultraviolet Exposure 
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Figure 15. Summary of Three-Foot-Square RF Test Models 
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A. TYPICAL CONSTRUCTION FOR MODELS A, B, C, D, E, F, G, L, M, N, ANDO 
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B. TYPICAL CONSTRUCTION FOR MODELS H, I. J, K, AND P 
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Figure 17. Design Details for Pocket or Cup and Plane 
Reflecting Types of Surfaces 
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Figure 18. Definition of Spiral Antenna Characteristics 
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MATERIAL: 1/2 HARD STAINLESS 
STEEL, TYPE 302, 0.003 INCH 


0.030" 
MAX RADIUS 



( + 0.005, -0.000) 


X = 2.348 INCHES 


Figure 20. Sketch of Stub Short Details 
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Figure 21. Partially Welded Quarter Section Showing Protective Channels 
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Figure 22. Clean-Room Welding Installation 
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Figure 23. Close-Up of Welding Operation 
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DIMENSIONS 


PANEL NO. A B 

M (1.25A) 12.63' 11.74' 

0(1.25X1 12.63 11.74" 

l (C.75A) 12.71' 11.58" 

N (0. 75A) 12.71 II.58- 


RESIN BOND LINE 



SECTION THROUGH JOIT-JT 


Figure 24. Panel Division for Welding Operation 





Figure 25. Welding Stub Shorts through Foam Cutouts 
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Figure 20. electrodes in Welding Position as Viewed through Binoculars 
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Figure 27. Foot of Stub Short as 
Viewed through Mylar at 50X 





Figure 28. Sectional View- 
through Weld at 1000X 
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Figure 30. Foam Support Preparation 
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Figure 31. Layout Procedure for RFPanel Array 
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(A) First Quarter Panel Placement (B) Second Quarter Panel Placement 



(C) Center Trim Operation 




(D) Removal of Trim-Off (E) Taping of Center Butt Seam 



Figure 32. Antenna Array Assembly 
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(A) Setting of Foam 
Guide Strips 



(B) Application of Poly¬ 
urethane Elastomer 
Adhesive 



(C) Placing Foam Panel 
on Etched Array 


Figure 33. Assembly of Foam Backing to Array Panel 
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Figure 34. Reflector Face Assembly 
140 
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Figure 35. Structural Back-Up for Parts A', D' and E' 
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Figure 36. Single-Spiral Antenna Element Design 
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Figure 37. Reflecting Surfaces for Single-Spiral Antennas 
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Figure 38. Nominal Dimensions of Single-Spiral Antenna Shorting Strip 
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Monostatic and Bistatic Block Diagram 



Monostatic Setup 


Bistatic Setup 


Figure 39. Reflectivity Measurement Instrumentation for Single-Spiral Antennas 
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Figure 40. Recorder. Receiver. Standard Targets, and Spiral Elements 
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Figure 42. A^, B^, (A/B)^, and Shorted Element Pattern for 
15-Degree Bistatic Return 


146 



Figure 43. /\2, b2, (A/B)2, and Shorted Element Pattern for 
30-Degree Distatic Return 
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Figure 44. a2, B^, (A/B)2, and Shorted Element Pattern lor 
45-Degree Blstatic Return 
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Figure 45. a2, b 2, (A/B)^, and Shorted Element Pattern for 
60-Degree Bistatic Return 
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U.75X SPACING I.OX SPACING I.25X SPACING 


Figure 46. Panel Configurations for Arrayed Elements 
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Figure 47. Reflecting Surfaces for Arrayed Elements 
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2) --C. 125' (*0.005, ■ 0 000) 
t- 0.030'(• 0.005, 0.000) 


Figure 48. Shorting Strip Dimensions for Arrayed Elements 
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MONOSTATIC RANGE TESTS 
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Figure 49. Monostatic Range Tests 
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Figure 50. System Block Diagram 

































PEAKS Of BACK-SC AT TE 8 RETURN FROM REFERENCE" <D5 


J 


? 

I 


0 


-? 


-j 


-4 


-5 


-6 


-7 


-8 

-9 


-10 


I. ?5 A SPACING 



A M B I L K C J N P 
OC SC I 16A SS I 8A SS J, I6A SS 


0.75A SPACING 


; | CUP BACKING 

| | PLANE BACKING 

OC IS OPEN ClRCl.T SPIRAL. 
SC IS SHORT CIRCUIT SPIRAL. 
SS IS STUB SHORT SPIRAL. 


•REFERENCE IS 24 * ?4 APERTURE 
DIHEDRAL CORNER REFLECTOR. 



-II 


Figure 51. Deviation of Panel Radar Cross Section from 
Reference Radar Cross Section 
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Figure 52. Sketch Illustrating Monostatic 
Scattering from Panel Array 

CUP 

SPACING 

r ' 

i\ 

\ 
t 

I 



/ 

L 


A.’ If.'l I>* 


f U , A TIC N A7IMIJTH 

,' *, r ; i ac if jG I 16 5 it 

A i 1 sr A v , ir iG 13 3 16 

CONDUCTING PLAN! 12' I 


Figure 53. Panel Distortion 
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I 

CINTfR PCTURN 

I 



(• I POSITION anGI! 


(-) POSITION ANGLE 


Figure 54. Sketch Illustrating Bistatic Scattering from Panel Array 


155 




PEAKS Of BACK-SCATTfP PfTuPN f«OM SfffPENCf (DSl 



[ | Pf AK P f T U P N Of APPA Y 

□ lM[ PfTUPN Of AN APPAY AMEN THE RftU»N 
OF CACm ELEMENT IS ir. PHASE AT ANGIES 
O T fit p than Of AO- AMf AO IS DESIGNATED AS 
(■ I FOP ANGUS TO T Hf If F T OF ^fPO ON ImI 
PATTfPN AND ( FC w ANGUS TO The RIGHT 
of 1 1 #c On th{ pattjpns 

Figure 55. Thirty-Degree Bi- 
static Peak Returns 



I [ PI A. PETu'N Of APPAY 

□ Im| PIT »N C'f AN APPAY AmIN 1H| Pllljff. 
^ Cf FACm ElfMfNT IS ir. PmASI a! AT,GIFS 
CThIP Than DfAD-AH[Ar. IS DESIGNATID a, 
i •) FCP ANGUS TC Txf lift Gf ,M*C Cf. 
PATTfPr. AND I I FCf ANGUS IC T"f ‘If hT 
Of /(PC Of. Tut paTTUNS. 


Figure 56. Sixty-Degree 
Bistatic Peak Returns 
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(■ANII H • ( UP‘j 

7JX 
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ADA* C»0>S SfOlCf'i IDS SC.UA*{ MfTfPi 




Ai»K 1 A'.oi! <: 


Figure 58. Isolated and Effective Spiral Element Patterns 
for Open Circuit Termination 
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Fl^re 59. Isolated and Elective Spiral Element Patterns 
(or A 16 Termination 
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Figure 61. Isolated and Effective Spiral Element Patterns 
for 3X/16 Termination 
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Four cards are required for one set of data. 

(1) Your title or identification (no more than 50 spaces) 

(2) 0 ( 1 ) through 0(5) in <lb with respect to reference. 
Note: <r(l) is the location for the short circuit data. 

0(2) is the location for the open circuit data. 

(3) RL(1) through RL(5). 

(4) XL(1) through XL(5). 

As many sets of four cards each can be used as required. 



Figure 62. Input Data Format 
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UIMLNS1UN F(Sf6),DR(5),SIG(5),T 1 TL E ( r ) « S l 5 > ,RL I 5) , XL ( 0 i * SFI5) 
OIMlNSION OtLSI r >),SI(5l, RATIUJ5) 

COMMON FU( 5) j) ,FH(5 >#FK( 5) *F*( 5) »bL( t>( 

EUUI VALiNCfc (M II ,FU! 11) 

100 FORMA!(ft Al0 I 

101 FORMAT( 1HT, H A 1 0 ) 

10? FORMAT 1 ofl0.5 I 

ITT FORMAT!/20X,ICHlN^Ul DATA///t7X,IHN,10A, 5HS I O.MA, 10X , ?HRL , BX , ?HXL / ) 
104 FORMAT! 123, IP 3i. 13.31 

l OS FORMAT | 1 ML , 1 HX , l 7H6STIMATFI. ANSWERS/ 1 SX * THU, /X,|HW,9X,lHR, 

INX.IHR, *FX » l MX ) 

106 FlIRFAT! ICX, SF 10.5/) 

107 FORMAT ( 1 10 • lP5tll.3iJXfSEIl.3l 
1 OR FORMAT(?0X . 1PSF14.4) 

HU F ORNATI 3 3HK FINAL ANSWERS/130HK U 

1 W UK X 

/ A GAMMA /1HK f 7FlR.flI 

111 FORMAT C ILX, 3CHSI.MAS FRuM FINAL ANS AS CMf.CK//22X, 5 hS l r >MA/) 

11? FORMAT 11H1 * R A101 

l 1 3 FORMAT ( /20X, I.iHNi.XT IR I Al.// / 1 7X , IHN, I Ga,5hSIGMA, 10X, 2HKI,AX,/HXl / I 
115 FORMAT!JHX.fct12.51 
1 READ!I,I 00 1 TITLE 

RE AO(1,I 0?I on, RL. XL 
wRITE! 3. 11 2) HIlT 
wR! II I J. 103) 

UO A % - l • 5 

10 SF!\)= 11, • • • ( Pt* ( M / I 0. ) 

4 WRITE 13. 104) bFC,|, RUN), XL!N) 

SMAX * AMAXI! c F(l), SF!?), SF(3), Sr!4), SF(5)) 

SMIN » AMlNl(iFII), SF!?), SF! 3) , SH'.), :>F|S)) 

SM * .25*ISMAX ♦ SM|N) 

SM « .5*SORTISMAx«SMIN) 
a * Sort( sm - sh ) 

h * Sort i s v ♦ sh ) 

T MPi A# A* ll»H 
T MP | » T Mp-S f!? ) 

I MP2 * ? . • A«p 
T MP j * T Ml’ l / T m P / 

TMP4.»S0k 1 ( TMP2»|Mi»?-THP|«fMPl )/ IMP2 

U« A•TMP i 

X'AtTMP a 

TMPl« TMP-SF ! | ) 

TMPo* TMP1/TMP2 

IMP/. < ( | MP4,-SCR I ( 1 . -!MP6*TMP6) ) / ( TMMo- IMP )) ) 

STO* TMp-SF( )l 
ST|«STO-TMP?*!**PJ 

ST2*-?.*!MP?*!M t »4 
,TJ.ST0*TMP2#TMP1 
ST4*2.»RL!3I*!A»A-H»U-SF!3)) 

SSO* TMP-SF! j) 

SS1«SS0-IMP2*TM»>3 

SS2-ST2 


Figure 63. Fortran IV Computer Program Listing (Sheet 1 of 5) 
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SSJ«SSO» IMP2* f HP 3 
SS4«2.»HLI5)«IA»A-B#B-SFI5) I 
SK1-THP7*($T2/STI-SS2/SS1 I 
SK2*ST3/Sf1-SS3/SS1 
SR3»2.«1HP7«|XL(31-XL ( b > > 

SR4--XLI 1) •( S!?/S! 1-SS2/SS1 ) 

SKS-IXLIJI»ST2aST4|/SU 
SR6*-IXL 15 ) »SS2aSS 4l/SS1 
SR7*«XL ll»»CXl | 3 l-XL I ‘ill 
SK8* XL ( 3)*XLI3)-XLI5)*XLI5) 

SR9*Rl< l|*RLt3l-RL(5l«RLt*) 

AAA* SRI * SR? 

BBB*SK3a sR4iSK5»SK6 
CCC*SR 7* SRfl»bK9 

K»(-BBB-S0RIIRRI'*BBB-4.*AAA«CCC I 1/12.•AAA I 
X*R»f HP /-XL( 1 ) 

00 9 I *1.0 
XXL * (X ♦ XI(II I 
RRL * R ♦ RIM) 

UUM*U»KKL-W»XXl*e«(K-KL(III 
OUHl*(U-fM«AXl***RKL 
fi*JM3*RRL *RRL + XXL *XXL 
S( I I • CDUM*nUH*DUKl *CUH1 )/0UH3 
I DELS I I I « I SF ( I I - Sill l/|( . 

00 3 K x 1, u 
WRIIF13. ll2)TllLk 
«Hllfc(3.illl 
on 2 H ‘ 1 . 5 

2 HR I I f < 3 * 104 I N. SIN), KLIN), XL INI 
HR I If: I 3. 1051 
HR III I 3,106)0.M.rtfR.X 
DO ?0 1*1,20 
R2*B»R 
00 JO J«l,5 
Tl-R-RLIJl 
1 2»R^RLIJ) 

14*X♦XL IJI 
A1 «U*T2~«**T4 + H»I 1 
A2»U«I44H»T2-Ht| 4 


A3*I?«T?»T4*I4 
SI IJ » » S(J)«A3 

ULIJ)«-Al«Al-A2*A2*s( Jl »A3 
RA1I0IJ) « DL(JI/SI ( J I 
FU(JI«?.*IAl*r2 ♦ A 2•14 I 
F HIJI••l-A|»T4*A?*!2l 


FBIJl*2.»IAl»Tl-A2#|<.| 
FRIJI*2»*IAl«(tl*iJl*A2»H-r<IJI«r2J 
10 FXI J)»2.»l-A|«WtA?«(ll-rt!-SI JI»T4l 


IFIABSIOLI1 I/S 11 I I I 
IF(AHSI0LI2I/SII2) I 
IFIABSIULI31/S 11 31 I 
IFIABSIULI4I/SII4I I 


>1 

.E-IOIJO M l? 
I . t - 1 0 I GO IU 12 
I • E - 10 I GO fU 12 
cr i.i -iui^j r>, i? 


HRlTEI3,l07ll,U*H,n,<,X,lRAT|UIJ),J-l 

GI . 1 
r.i 
GT 


Figure 63. Fortran IV Computer Program Listing (Sheet 2 of 5) 
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IF{ABS(DL(5)/SI(5)) .GT. 1.E-10JG0 IJ 12 
GO TO 14 

l? CALL INVtRT (F.5,6.6) 

U*U*DL( 1 ) 
w=W*DL (2 I 
B=B+OL(3) 

R*R*DL(4) 

20 X* X* DL(5 ) 

GO TO 60 

14 GAMMA * ARGU1W, u) 

A * SORT (W*W ♦ U*ll) 

WRITE13.109)1),W.ti.R.X, A, GAMMA 

wiUTEn.nn 

00 40 J-1,5 
UUM1 =R».<L( J ) 

DUM2*X*XL(J) 

A l *CHJMl *L)UM1 ♦OUM?*OJM2 

A2=R*R-KL(J)*RL(J)-DJM2»OUM2 

A3*(R*R)*DUM2 

0UM1 = U*l' *A2/ A 1 

OUM2*W-n»A3/Al 

SIG( J)*L)UM1*0UMI ♦oum?*oum? 

40 mKITEC 3«10R1SIG1J) 

U VL= U 
WVL* W 
RVL = B 
RVL = R 
XVL = X 

S(3)*SF(3) 

S(5 > =SF( 3 ) 

3 S(4)=S(4)♦Ot LS(4 ) 

GO TO 1 

60 DELS4*ISI4)-SIG(4>)/lO. 

S(4)=SI‘.’>(4)*0CLi4 

U = UVL 

W* WVL 

B=dVL 

R = RVL 

X= XVL 

DO 70 K* 1.11 

WRlTE(3,ll2)TITLfc 

WRITfc(3,ll3) 

DO 22 N= 1,5 

22 w R 11 E (3.10 4 ) N, S ( %).RLINI.XLCN) 

WKIIEI3.105) 

WRITE (3.106 »U,W, 

DO 21 1-1.20 
B2* 2.*R 
DO 31 J= 1» 5 
T1=«-KL(J) 

T2 =R♦R L(J) 

T4=X*XL(J) 

A1*U«T2-w»T4*rt»T l 


Figure 63. Fortran IV Computer Program Listing (Sheet 3 of 5) 
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A2*U*T4^ta»T2-R«T4 
A3*I2«T2«-T4»T4 
SI IJ) = S<J)»A3 

DLIJi*-A1*A1-A2«A2*S(J)*A3 
KATIOIJ) * DL(J)/SI IJ > 

FU(J)*?.«(Al»T2 ♦ A2»T4 ) 

FWIJ)«2.«(-Al*T4*A2*T2) 

FBIJ)*2.»(Al*Tl-A?*T4) 

FRIJl*2.*(Al*(U^d)*A2«W-S(J)*T2) 
31 FXIJ)=2.•(-A1*W*A2»(U-B )-S(J)*T4) 


MRITEI3.107)1,U.M.B 

. R . X 

.(RATIO!J), 

J=l,5) 

IF(ABSIDLI1)/S I ( 1) ) 

• GT • 

l.E- 

10 ) 

oO 

TO 

42 

IF(ABS(l)L(2)/SI (?) ) 

.GT. 

l.E- 

10 ) 

GO 

TO 

42 

IF(ABSIDLI31/SI(3) ) 

.GT. 

l.E- 

10 ) 

GO 

TO 

42 

IF(ABSinL(4)/SII4) ) 

. l.T . 

l.E- 

10 ) 

GO 

Tu 

42 

IF (ABSIDLI 5)/S I I t>) ) 

.GT. 

l.E- 

10 ) 

GO 

Tu 

42 


GO 10 44 

42 CALL INVERT(F•5i6•5) 

U=U*DL(1) 

W-W*DL(2) 
d = B*DLI 3) 

K=R+OL(4) 

21 X S X*DL ( 'j ) 

GO 10 1 

44 GAMFA«AkGDU,0) 

A = SORT(W»M ♦ U*U) 

RRITEI3.109)0.W.B.R.X, A, GAMMA 
MKIIEI3.1U) 

00 Hi J= l« 5 
l)UM 1 = R♦P.I I J) 

DUMP = X*XLIJ) 

A1 =r-tJMl •DUMl*DUM2*0OM2 
A2=K*R-KLIJ)»KL(J)-CUM?•DUM2 
A3= (R+R)•DUMP 
0UM1=0*b«A2/Al 
0UM2=M-t!«A3/Al 
SIG(J)*0UM1«00MI♦0UM2*DUM2 
41 MR 11E(3•108)SIG(J) 

70 jI 4)*S14 )^DELS4 
GO TO 1 
fcND 


Figure 63. Fortran IV Computer Program Listing (Sheet 4 of 5) 
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SUHKfJU T l NE INVE K I I A« L, M, M) 
01 Ml NS ION A ( 1 I 
0(J S I * I • L 

M| i M«| - M 

II * MI ♦ I 

l F i A | ID.EO.O.OIAI in*. 1E-IL 
Aim « 1./4IIH 
no ; j - j ,l 
if(j.fo.I) on f'i ? 

JI * M | ♦ J 

A ( J I I * - A ( JI I•A( 11 I 

2 CliUT I moF 
00 J J : 1, L 
IFiJ.ro.I) (.0 Tu i 
00 4 K < I, N 

IFiK.ro. I) GO Ia 

MK s M«*-M 
JK * MK ♦ J 

Jl * M| ♦ J 

IK - MK ♦ I 

AiJK ) * A( JK ) ♦ A(J | )•A( I K ) 

A CONI 1 Mil 
* CONI INUl 

DO 1 J - I * S 
IF I J.Eu. I ) »,li ((J I 
IJ * M* J ♦ I - - 
A ( I J ) « A|I J) • A! I 1 ) 

1 CONI I NO. 

5 CONI I MIL 
HE TlMN 
END 


Figure 63. Fortran IV Computer Program Listing (Sheet 5 of 5) 
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(.EVALUATION OF EFFECTIVE REACTANCE 
-UtfUT flAIA_ 


—II-ilfittA_IL 


iL 




I. O«?(-OI 
5.008E-09 

s.inf-o) 

J. twi-oi 


0.0001-00 
0 . 0001 -00 
7.7751-01 
I •7*21-00 
2,160f-00 


i.tm 01 
-umi IQ 
5.571* 01 
7.101* 01 
I.IfK _IL 


I. 1VALUAV ION 07 EFFECTIVE REACTANCE 
NEAT tHAI, 


SIGNA 

1.0471-02 

4,46/1-03 

).tUE-0) 

4.9611-03 

3,7271-09 


*1 Hi 

0.000E-00 1.9391 01 
- 0 * 0001-00 - 1 , 000 * 00 - 
7.7751-01 5.571E 01 
1 • 3021-00 7.105E 01 
2*1601-00. 0.795E 01 


CiriNAlEO 4NSNEHS 

U W 0 R X 

0.01609 0.01301 0.00166 36.06475 -92.14940 

I 1.6091-07 1.3011-0? 1.1666-0? 3.6071 01 -3.2I5E 01 


-4.5191*17 -4.477E-1? -0.999E-11 -I.5401-11 - 


FINAL ANSWERS 

o W 6 ft « A 

0.01608567 0.01300936 0.00166169 34.04479077 -32.16939709 0.02041 

.I ON AS From final ans as check 

S IONA 

1.06 7| t-0? 

6.6660E-03 
5.61501-0 3 
6.i6|iE-Oi 
9.72701-03 


I. LVALUAIION Of IFFECriVl R1ACTANC1 
NEXT TRIAL 


N SIGN6 


Ml XL 


1 1 . 0671-02 

2 6 . 6671-03 
1 5.6661-03 
6 6.6661-03 
■i 3.7156-03 


0 . 0001-00 

0.0001-00 

7.7751-01 

1•362c - 00 
2•160t- 00 


1.7191 01 
-I.QOOE 10 
5.579E 01 
7. 1631 01 
0.799E 01 


CSriNXriO AMSklRS 



U 

W 

d 

M 


X 






0.ul60 3 

0.01901 

L.00164 36 

.06675 

-32. 

14960 





1 

1.6091-02 

I.90IE-0? 

6•1641-02 

1.6071 

01 

-1.215E 

01 

-4.5251-1? -4.4771-1? 

0.999E-09 

2.6121-02 - 

? 

1 . ,34k-02 

1.6091-0? 

6.0261-0? 

5.3521 

01 

-2.5651 

01 

5.I50C-0? '2.2151-03 

2.2961-0? 

1.1491-0? 

3 

1.6551-02 

1.6071-02 

6.1421-02 

5.0301 

01 

-2.9441 

01 

5.9461-09 -1.2241-06 

4.9671-09 

9.9661-09 

4 

1.6691-u? 

1.6101-32 

R.I56C-0? 

5.0201 

01 

-2.5461 

01 

1.2701-05 -1.0291-07 

1.2021-05 

1.0911-05 

5 

1.6691-0? 

1.4191-0? 

6.1561-0? 

5.0261 

01 

-7.546E 

01 

9.720E-I? -2.2391-1? 

4.0951-12 

4.440E-I2 - 


FINAL ANSWERS 


0 


M 


0 


A 


X 


A 


ii.01660966 0.01609577 0.06155493 

jIGNAS FROM f|.4Al ANS AS CWIC« 


50.20210119 -29.69000970 


0.02910641 


SIGMA 


1.06711-07 
6.66661-01 
5.00041-0 3 
6.6675c-0 3 
9.71561-03 


Figure 64. Computer Results (Sheet 1 of 4) 


1.1731-11 


GANNA 

90.96660265 


3.1311-09 

6.521e-03 

2.46'3l-09 

6.5201-06 

6.0561-12 


GANNA 

61. 16222961 
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1. EtfAluAftnk' Uf kffkCTWE REACTANCE 


NEXT TRIAL 


N SIGMA 


«l *L 


1 1.047E-02 

2 4.467k-0) 
) 5.R8AE-0) 
A 4.6I4E-0) 
5 1.7151*0) 


0.000k-00 
0.000k-00 

7.775E-01 
I •182k -00 
2.I60t-00 


1.9)91 01 
*1.0001 |0 
5.S71E 01 
7.IR1C 01 
A.79H 01 


(STIMAfED ANSWERS 



U 

W 

A 

M 


I 








0.01669 

0.01610 

0.08156 50 

.28210 

-25. 

6)880 







l 

l.6691-0? 

1.6I0E-0? 

8.1561-07 

5.02«k 

01 

-2.5661 

01 

1.7201-12 

-2.2)9f-l2 

4.855E-12 

2.715E-02 

-4.0581-12 

7 

?.495k-0? 

)•?)5E-0? 

8.5761. - 02 

1.I68E 

02 

1.5181 

01 

8.1271-02 

-6.2 781-02 

-I.118E-02 

-1.5541-02 

- 1.714E-0? 

) 

7•B59E-07 

2.R81E-02 

8.900E-0? 

■». use 

01 

1.5411 

01 

5.0181-02 

-2.845C-0) 

5. 1411-02 

2.504E-0? 

2.05UE-02 

4 

1.U54E-07 

2.S97E-02 

9.077E-0? 

8.767k 

01 

1.545E 

01 

1.970E-01 

-1.1741-05 

1.709E-0) 

1.50)E-0) 

1.2)61-0) 

5 

1•06 7k-0? 

2.R99E-02 

9•089k - 02 

«.755k 

01 

1.545C 

01 

2.520E-06 

-1.907E-08 

2.171E-06 

2.2I4E-06 

1.995E-06 

6 

1.067k-0? 

2.699E-0? 

9.0§9k-02 

8.7S5t 

01 

1.5451 

01 

2.1511-12 

4.477E-12 

2.619E-12 

4.I8RE-12 

-1.416E-1? 


►INAL ANSWERS 












U 

w 


6 



R 


A 


A 

GAMMA 

0. 

0)066794 

0.0789*648 

0.09068941 


87. 

54768280 

15.4526 *427 

0.0421988) 

4).1854064) 


SIGMAS EmDM flNAk ANS As CHECK 
sigma 

1.04/11-0/ 

4.4668E-01 

5.B884E-0) 

4.61 17I--0) 

).7I54C-0 i 


1. kVAloAHON uf iMkdlVk -lAClANCt 

NUT l*IAl 



*4 

SIGMA 


HI 

II 




1 1.0477 

-02 n.ooci-ju 

I.919E 01 




7 4.4e?k- 

-o» O.u 

lUk-OO 

-1.0001 10 




3 5.8 88 k 

-Ol 7.775k-0| 

5* 57 )E 01 




4 4.7 4uf 

-O1 1•38?i-00 

7.181E 01 




6 1.7 15k 

-Ol 7.l60t-06 

8.795E 01 




siiwAiir a.s 

• k R5 





li 

w 

It 

4 

« 



O.uJOO/ 

0.02899 

9 M 

7.54 768 

15.45270 


1 

1. 67 E-.»2 

7.89#f -0/ 

9.1189k -07 

4.755* 

01 1.5451 

01 

? 

-1. . 16k 

1.470k-.)> 

5.R1 li -0. 

J.5)5l 

01 -9.I98E 

01 

> 

- 1.> 23€-7 1 

- 7.2 )8fc- )7 

-8. 1 7 it -0. 

- 1.7? Ik 

02 -9.6I9E 

01 

4 

-1 . 7«4t 1 

- 1. Till7-0? 

-1.1241-01 

- i.29lt 

01 -8.501E 

0| 

5 

-5. 1206-1 1 

- 1.I66f-02 

-4.52SI-0) 

l. 4 70k 

01 -9.284E 

01 

6 

-0.6 55c-'4 1 

-I.06U-0? 

-A.75sk-0l 
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Figure 65. Three-Dimensional Matrix 
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APPENDIX I 


ROTQFEEX TESTING APPARATUS AND PROCEDURE 

A. APPARATUS 

The rot of lex tent apparatus (Figure 06) In a device designed and fabricated 
by Goodyear Aerospace for the purpose of providing contlnuouK flexing of KampleK 
of materials under t controlled temperature environment. Two jaws mounted one 
above the other are used to hold the test specimen. The bottom Jaw is fixed in a 
stationary posit Ion,and the upper jaw is mounted to permit rotation through an arc 
of up to 270 decrees in either the clockwise or counterclockwise direction through 
a plane perpendicular to the centerlines of the two jaws. Figure 67 shows a sample 
in the test apparatus with the jaws in the extreme positions. Rotation or oscilla¬ 
tion of the upper jaw is controlled in both frequency and amplitude by a regulated 
air motor and limit switches. 

B. PROCEDURE 

A series of nine rotoflex tests was conducted using identical samples of 
material and coating on each sample. Three of the samples were tested in a 
temperature environment of -25°C. three at 23°C. and three at 100°C. Most 
samples were flexed through 2000 cycles at a rate of 135 cycles per minute. A 
thorough inspection of the sample was made at the conclusion of each increment 
of the cyclic period. 
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Figure 66. Rotoflex Test Apparatus 
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Figure 67. Rotoflex Sample in Test Apparatus 
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APPENDIX n 


ULTRAVIOLET IRRADIATION OF SAMPLES 

A. IRRADIATION APPARATUS 

1. General 

The apparatus used In the irradiation experiments is illustrated In Figure 68. 
The apparatus comprised a high-vacuum system, an ultraviolet source and detec¬ 
tor assembly, a sample holder, and associated controls and Instrumentation. The 
components are described in the following paragraphs. 

2. Vacuum System 

A Consolidated Vacuum Corporation oil-diffusion pumped system, Type LC 
1-18B, was used to obtain the required test pressure. The base plate of this sys¬ 
tem was provided with feed-through into the bell jar for thermcouples and fluid 
connections to the sample holder. The bell jar was a stainless steel unit that was 
provided with a 4-inch-diameter quartz probe extending from the top through the 
center point of the jar. This unit was specially designed to support the AH-6 lamp 
assembly and permit the lamp to be changed without breaking vacuum on the samples. 

3. Ultraviolet Source 

A General Electric Company water-cooled mercury arc lamp, Type A-H6, 
was used for the ultraviolet radiation source. The overall length of the lamp is 
3-1/4 inches long and 3/16 inch in diameter. The actual source of light is an en¬ 
closed arc approximately 1 inch long by 1/16 inch in diameter. 


Because of the lamp geometry and the desire to uniformly irradiate aa many 
samples as possible during each test run, the lamp is mounted in a vertical post* 
tlon at the center of the bell jar base plate with the center of the arc located at the 
same level as the midpoint of the samples. The lamp is operated in a General 
Electric Company A154G11 water jacket equipped with quartz velocity tube and 
jacket tube assembly supplied by the George W. Gates Company. 

A refrigerated, recirculating, cooling water system, shown In Figure 69, 
was used to furnish the required water flow to the lamp. The water is recirculated 
through a 25-gallon tin-coated storage tank using a stainless steel pump. All 
plumbing is 3/8-inch stainless steel with stainless steel fittings and valves through¬ 
out. The unit is equipped with a continuous-bypass-type water purification system 
consisting of a submicron filter and inorganic and organic removal cartridges. 

This system, designed and constructed by GAC for use with the A-H6 lamp, has 
eliminated most of the lamp operating problems having to do with deposits forming 
on the lamp and inside of the water jacket. 

The total ultraviolet incident on the samples, placed at a distance of five 
inches from the lamp, is approximately five times the intensity of solar ultra¬ 
violet radiation of zero air-mass. A comparison of the spectral distribution of 
the A-H6 lamp with that of the sun was made by Schmitt and Hirt (Reference 23) 
and is presented in Table 26. 

4. Sample Holder 

A special water-cooled holder assembly was designed and fabricated to 

n-2 


position and control sample temperature Airing ultraviolet irradiation. Through 
the use of this fixture, it was possible to maintain the nine sample disks at 70 
(±5)°F through the exposure period. 

Baffle plates were installed between each group of three samples and above 
the diffusion pump port to reduce possible migration of degradation products from 
one group to another. 


Table 26. Comparison of Spectral Energy Distribution of A-H6 Lamp 
and the Solar Spectral Energy Distribution* 


Wave Length Region 

( mfi ) 

Solar Energy 
(mw/cm*) 

A-H6 Lamp 
(mw/cm*) 

200 - 210 

0.01 

0.02 

210 - 220 

0.02 

0.06 

220 > 230 

0.03 

0.15 

230 - 240 

0.05 

0.50 

240 - 250 

0.06 

1.60 

250 - 260 

0.10 

1.61 

260 - 270 

0. 20 

2.02 

270 - 280 

0. 24 

3.84 

280 - 290 

0.34 

4.19 

290 - 300 

0.63 

6.05 

300 - 310 

0.63 

7.12 

310 - 320 

0. 76 

9.56 

320 - 330 

1.04 

3.79 

330 - 340 

1.05 

3.34 

340 - 350 

1.13 

1.86 

350 - 360 

1.14 

1.41 

360 - 370 

1.20 

9.64 

370 - 380 

1.26 

4.37 

380 - 390 

1.15 

2.29 

390 - 400 

1.23 

1.97 


12.27 

65.41 


•See Reference 23. 


5. Ultraviolet Detector 


The detector assembly consisted of an RCA Type 935 phototube and a Coming 
Class Company Filter No. 9863, ultraviolet-transmitting, visible absorbing filter. 
The filter and phototube were mounted in a small metal enclosure that was fitted 
with a small aperture sized to provide optimum detector sensitivity. The detector 
was secured to the sample holder so that the aperture position relative to the 
source was identical with that of the samples. A shield was placed in front of the 
detector assembly to confine exposure to a small area around the aperture. An 
integrated 50-volt d-c power supply and vacuum tube microammeter were designed 
to power and monitor the detector. 

B. TEST PROCEDURE 

1. Ultraviolet Detector Calibration 

To use the detector for ultraviolet measurements, the following must be 
known: 

(1) The relative spectral response of the detector. 

(2) The sensitivity of the detector. 

(3) The spectral distribution of the source. 

The curve representing the radiation response of the filter photometer is 
shown in Figure 70. The instrument has a peak sensitivity of 340 millimicrons 
(mil) and falls off on both sides to zero at 220 and 440 mil. Here every ordinate 
corresponds to equal amounts of energy. The curve shown in Figure 70 was ob¬ 
tained by multiplying the relative response of the phototube (Reference 24) by the 


Table 27. Tabulated Phototube and Filter Transmission Data 


Wave Length 
(m|i) 

] P* 


Sx*** 

(PxT) 

200 

10 

0 

0 

220 

40 

0 

0 

240 

74 

0.22 

16.3 

260 

76 

0.67 

51.0 

280 

80 

0.87 

69.6 

300 

90 

0.97 

87.3 

320 

97 

1.00 

97.0 

340 

100 

0.99 

99.0 

360 

97 

0.95 

92.1 

380 

92 

0.78 

71.8 

400 

87 

0.23 


420 

82 

0.11 

9.0 

440 

75 

0 

0 

460 

68 

0 

0 

480 

60 

0 

0 


54 

0 

0 

520 

46 

0 

0 

540 

37 

0 

0 

560 

28 

0 

0 

580 

16 

0 

0 


9 

0 

0 

620 

6 

0 

0 

640 

3 

0 

0 

660 

2 

0 , 

0 

680 

1 

0.19 

0. 19 

700 

0 

0.44 

0 


•P = relative response of RCA Type935 phototube. 

•*T = relative transmission of Corning Glass No. 9863 filter. 
= relative response of filter photometi r. 


relative transmission of the filter (Reference 25). A tabulation of this data is 
presented in Table 27. 

The sensitivity of the detector is determined by exposing the instrument to 
a source of known radiance. A diagram of this experimental setup is shown in 








Figure 71. The filament of the tungsten lamp (GE Type 30A/T24 /3) and the aper- 
lure of the detector assembly were placed at the radius of curvature (60 cm) of the 
7.5 cm-diameter front-surface aluminized mirror. The angle between Incident 
and reflected radiation was approximately 10 degrees. This arrangement per¬ 
mitted the focusing of radiation from the lamp filament onto the detector aperture 
with a minimum distortion of lamp filament Image. The instrument reading was 
then recorded. The instrument sensitivity was determined from the expression: 

3 x -xf- «*> 

1 ?/ A , 


where 


S = instrument sensitivity, 

R = instrument reading, 

P = reflectance of spherical mirror, 

A = area of spherical mirror. 

d = distance from spherical mirror to detector aperture. 

Sx = spectral sensitivity of the instrument, 

N’x - spectral radiance of tungsten lamp, 

X]X 2 = practical wave length limits of the instrument (220 to 440 mp). 


The evaluation of the integral in Equation 18 was performed arithmetically 
as shown in Table 28. The values of lamp radiance for the wave length bands in* 
dicated were obtained from values of spectral radiance of the tungsten lamp re¬ 
ported by the National Bureau of Standards (Reference 26). The values for S 
were obtained from the curve shown in Figure 70. 
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Table 28. Tabulated Values for Tungsten Lamp Radiance (N^) 
and Filter Photometer Radiation Response (S^) 


Wave Length 

Band (m/j) 

, , 
^/w/ster - mm 4 

S A 

(percent) 

<n x ) * <s x : 

245 - 255 

0.050 

32.2 

0.016 

255 - 265 

0.100 

46.0 

0.046 

265 - 275 

0.242 

58.0 

0. 139 

275 - 285 

0.440 

69.0 

0.304 

285 - 295 

0.750 

78.0 

0.585 

295 - 305 

1.23 

87.3 

1.07 

305 - 335 

8.49 

90.0 

7.64 

335 - 365 

25.50 

94.0 

24.00 

365 - 375 

15.40 

84.0 

12.03 

375 - 425 

166.50 

48.0 

79.50 

425 - 475 

435.00 

2.5 

11.0 


653.702 


137.230 


The detector was used to measure the total ultraviolet radiant flux from the 
General Electric Type A-H6 mercury arc lamp. The instrument reading was re¬ 
corded and converted to a radiant flux value according to the relationship: 

0 = R (D/S) (19) 

where 

0 = total radiant flux from A-H6 lamp, 

R = instrument reading, 

S = instrument sensitivity as defined in Equation 18, 

D = A-H6 mercury lamp spectral energy distribution factor. 

The factor D was introduced in Equation 19 to compensate for the difference 
in spectral energy distribution between the A-H6 lamp and the tungsten lamp. The 
factor D is expressed mathematically as: 











I 



where 

f^ = relative spectral energy distribution of A-H6, 

= spectral response of the instrument, 

Xj = 220 m/i, 

X 2 = 401 mi/j. 

The evaluations of the integrals in Equation 20 were performed arithmetically 
as shown in Table 2U. The values for f^ and were obtained from Reference 27 
and Figure 70 respectively. 

By substitution in Equation 18, 

S = _ (R = 0.0148) _ = 0< o 17 5 ^a/^w-mm 2 . 

(0. 87) (25. 5) x 13? 2 

3600 

by substitution in Equation 19, 

^ = R [ 0. OI 75 ] = 72 R //a^ w / mm2 
= 7.2 R^ a mw/cm^. 

2. Sample Exposure 

The ultraviolet radiation level was recorded on an average interval of 4 
hours. The AH-6 lamp was replaced after an average of 80 hours of operation. 
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Figure 68. Ultraviolet Irradiation Apparatus 
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Figure 69. A-H6 Lamp Recirculating 
Cooling Water System 
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Figure 70. Filter Photometer Radiation Response 
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Figure 71. Diagram of Experimental Setup for Determining 
Filter Photometer Sensitivity 
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APPENDIX m 


SPECTROPHOTOMETRIC MEASUREMENTS 


A. APPARATUS 

Spectral reflectance measurements are made using an integrated-sphere 
type of reflectometer. 

Actually, the reflectometer is composed of the following four major sub- 
assemblies: 

(1) Integrating sphere 

(2) Prism monochromator 

(3) Radiation source assembly 

(4) Radiation detection assembly 

The complete system is shown in Figure 72. 

During operation, radiation from the exit slit is projected through apertures 
in the sphere wall for near normal irradiation of the specimen or reference. The 
reflected energy is then measured with a detector mounted in the wall of the 
sphere. 

B. ABSOLUTE REFLECTANCE MEASUREMENT 

Measured values of reflectance were obtained by comparing the measured 
reflectance of the specimen to that of a magnesium-oxide reference. 

The absolute reflectance of each of the nine specimens was then calculated 
from the following relationship: 


m-i 


I 


p 8 = P R B r 

where 

p 8 = absolute reflectance of the specimen, 

Pr = absolute reflectance of the reference, 

B g = apparent brightness of energy reflected by the specimen, 

B r = apparent brightness of energy reflected by the reference. 

The total error in reflectance measurements is estimated to be ±5 percent. 
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Figure 72. Spectral Reflectance Apparatus 
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APPENDIX IV 


OPTICAL PROPERTIES MEASUREMENTS 

The optical properties, solar absorptance and infrared emittance, were de¬ 
termined by using a method called the dynamic thermal vacuum technique, simi¬ 
lar to the technique outlined in Reference 28. The experimental apparatus used in 
this technique is shown in Figures 73 and 74. 

The thermal coating was applied on just one side of the specimen. The other 
side was vacuum-deposited aluminum on Mylar, which had an infrared emittance of 
only 0.043 whereas the thermal coating had an infrared emittance of about 0.80. 
Therefore, since only the thermal coating side received heat flux from the carbon 
arc, the temperature rise curves would be faster and the temperature drop curves 
would be slower with only one side coated. Both of these were desirable for ther¬ 
mal coatings whose ratio of solar absorptance to infrared emittance was small, as 
was the case. Another reason for coating only one side was that exposing both 
sides to ultraviolet radiation was more difficult. 

The analysis of each specimen, to determine solar absorptance (or) and 
infrared emittance (<) of the applied thermal coating, was accomplished by per¬ 
forming an energy balance during heating and cooling of the specimen. The heating 
was accomplished by letting the heat flux from the carbon arc strike the thermal 
coated side of specimen. The temperature as a function of time was then recorded. 
In time, the specimen reached a maximum temperature, not necessarily equili¬ 
brium temperature, at which time the carbon arc was shut off. The specimen then 
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began to cool down, and temperature as a function of time was again recorded. 
TypicaJ heating and cooling curves are shown in Figure 75. 

To analyze these curves, the following energy balance equation was used: 

AQ AR AU 
At * At = At 

where 

AQ/At = rate at which heat was added to the specimen. 

AR/At = rate at which specimen lost heat. 

AU/At = rate of change of heat content of specimen. 


The rate at which heat was added to the specimen during heating is 
* loA ♦ C c 

where 

I = heat flux intensity of the carbon arc. 
o = solar absorptance of the thermal coating, 

A = area of specimen receiving heat flux, 

C G = heat exchange with chamber. 


During cooling, of course, AQ/At = C 0 . In a similar manner, the rate of 
change of heat content of the specimen was written as 


AU 

At 


CM 


AT 

At 


where 

C = specific heat of the specimen. 
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M = mass of the specimen. 

AT/At = time rate of change of the specimen temperature. 

The rate heat lost by the specimen was due entirely to radiation and hence 
•a as w ritten asr 

= (<|A * < 2 a 4 

•a here 

*1 = infrared emittance of thermal coating. 

*2 - infrared emittance of copper surface, 
a = edge area of specimen. 
a = Stefan-Boltzmann constant. 

T = specimen temperature. 


These were then written into the following form: 

IgA * C G = CM-|p- («,A - < 2 A * *2 a) ojA 
for the heating curve and 

C 0 = CM ir* ( * ,A * f2A * *2 a) otA 

for the cooling curve. The heating and cooling curve was now analyzed to deter¬ 
mine AT At as a function of T. From the data obtained, plots were made of 


CM AT 
A At 


versus o T 


4 


for the heating and cooling curves (see Figure 76). These plots were straight 
lines of the following form: 
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Sj - S] = I Q 

32 - S, 
a = — — 

Io = + <2^ + a/A)J(r 2 - rj) = S2 - Sj 


( 


1 = 


S2 - S 1 

r 2 * r l 


<2 (1 + a/A). 


This analysis was carried out on each specimen before and after exposure of 
the specimen to ultraviolet light. A comparison was then made between the solar 
absorptance before and after ultraviolet exposure and also the infrared emittance 
before and after ultraviolet exposure. 


IV-4 



Figure 73. Carbon Arc Solar Radiation Simulator Test 

Setup in Operation 
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Figure 74. Diagram of Solar Simulator Test Setup 
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Figure 75. Typical Heating and Cooling Curves 
for ag and e Measurement 



Figure 76. Dynamic Response Curves for Typical Sample 






APPENDIX V 


GENERAL DESCRIPTION OF PHOTO-LIGHT PAINTING PROCESS 

A flow chart of the procedure for obtaining fine-line artwork by GAC's photo¬ 
lighting painting process without the use of the photographic reduction method is 
shown in Figure 77. This process can be of great help, specifically if the 1 to 1 
scale design is exceptionally large and/or the photo-reduction errors can be 
tolerated. 

The photo-light painting process is much the same as photographic contact 
printing. However, a special printer is used to vacuum a negative or positive film 
to the bottom surface of a glass plate, and the film to be exposed is vacuumed to 
the top surface of a controlled oscillating plate below the glass plate. 

When a wide line is required, a negative film is used as a tool to photo-paint 
(see Figure 78). The machine is put into motion, and an overhead pinpoint light 
is used to make the time exposure (1 to 5 minutes). By presetting the machine to 
a specific oscillation or radius of rotation, a wider and cleaner line is obtained. 
When a smaller line width is required, a positive film is used as a tool (see Figure 
79) and the radius of rotation is preset to give the required amount of line shrinkage. 

In addition to having the capability of spreading or shrinking a line width, 
this process has a very unique advantage that no other photographic process has. 
This is the ability to start with a ragged pencil, ink, or scribed line and clean the 
edges so that they are still sharp under 100-power microscope. In other words, the 
artwork would be equal to a 100 : 1 artwork. The amount of clean-up is in direct 


proportion between the edge raggedness and the radius of rotation of the photo 
painting machine. Sketches illustrating good clean-up and poor clean-up are 
shown in Figure 80. 
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CLEAR POSITIVE FILM 
(MADE BY PHOTO-PAINTING 
TYPE I) 


photographic mask 



NEGATIVE f IlM 

I..ITH IMAGE LINE V.IDTH DECREASED BY 
THE ROTATION OF THE LG.'.ER FILM HOLDER 


Figure 79. Type II Photo-Light Painting 


Ri = 4 (MIN) * X 



Figure 80. Etching Clean- Ujp Technique 
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